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ABSTRACT

Growth and reproduction of the brachyuran, Neopanope texana
sayi (Smith) were studied in the York River estuary at Gloucester
Point, Virginia from the fall of 1968 to the spring of 1971.
Temperature is the major environmental factor controlling the
annual growth cycle. The molting season (early May to late October)
begins and ends at 15-16 C. During the winter anecdysis a temper
ature increase always initiated proecdysis and a reduction immed
iately arrested basal and proecdysial limb bud growth. Proecdysis
was not initiated at winter ambient temperature by either eyestalk
ablation or multiple autotomy. Salinity changes within the ambient
range and major alterations of the photoperiod had no significant
effect on intermolt duration.
Limb bud growth, vitellogenesis, and copulation resume at
about the same time in late March and April (10-12 C). Spawning
begins in early and mid-May. Females > 10 mm (carapace width)
usually spawn before molting, but smaller mature females molt
first. Spawning and mating frequency decline rapidly in early
September.
Young-of-the-year are first seen in July and August. By
late October the modal size is about 4 mm, and the maximal size
10-12 mm. Some reach maturity before the winter anecdysis, all
by the end of July of the next year. Many survive the second
winter anecdysis, but they apparently die during the third summer.
The social behavior of Neopanope is more complicated than
that usually reported for totally aquatic brachyurans. Ritualized
visual displays, especially the Lateral Merus, are important in
agonistic encounters. Fights are rare. During sexual interactions
stereotyped periodic movements immediately after the male grabs
the female may be responsible for species, sexual, and mate dis
crimination. Behavior prior to the "Grab" resembles advanced
agonistic encounters, which may explain why males almost always
copulate with females smaller than themselves. Females mate while
hard and sometimes when ovigerous. Both sexes may copulate several
times during a molt cycle.
Females spawn from 0 to 5 times during each molt cycle. The
first spawning follows ecdysis by about 12 days. Females usually
carry < 7000 eggs which hatch in 8-17 days depending upon tempera
ture. Either proecdysis or vitellogenesis is initiated shortly
after each spawning. Molting or spawning usually occurs within
five days of the hatching of the zoeae. There is no transmolt
retention of spermatozoa.
xii
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Growth of the carapace is allometric and the same in both
sexes. Major and minor chelipeds show sexual dimorphism of size,
but not shape. Sexual maturity is usually reached between 6
and 10 mm. Females normally make a well-defined pubertal molt.
The relationship between size increment at ecdysis and
carapace width is linear and the same for both sexes. Intermolt
duration increases from 5-10 days in -'the first few postlarval
instars to 10-20 days in adults. Most crabs larger than 15 mm
are males because the spawning anecdysis decreases the molting
frequency of females.
Feeding is reduced during late proecdysis, but food require
ments reach a peak about one day after ecdysis. Starvation in
creases intermolt duration and decreases size increment at ecdysis.
Eyestalk ablation decreases intermolt duration and increases size
increment. Background color seems to have no influence on the
molt cycle. Dual cheliped autotomy shortly after ecdysis has
no significant effect on intermolt duration, but autotomy within
several days of the initiation of proecdysis causes molting to be
delayed while regeneration proceedes. Autotomy during proecdysis
is not followed by regeneration until after ecdysis.

xiii
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POSTLARVAL GROWTH AND REPRODUCTIVE BIOLOGY OF THE XANTHID CRAB,
NEOPANOPE TEXANA SAYI
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INTRODUCTION

Neopanope texana sayi (Smith) is a small brachyuran crab of
the family Xanthidae.

It occurs along the east coast of North

America from Prince Edward Island to eastern Florida (Rathbun,
1930) and has been accidentally introduced to Swansea, Wales,
Great Britain (Naylor, 1960).

From the York River, Virginia, to

Florida in intergrades with the subspecies N. t. texana, whose
distribution extends to the Laguna Madre, Mexico (Williams, 1965).
Neopanope* is a dominant member of the benthic macrofauna in
estuaries along the Atlantic coast of the United States from
Massachusetts to South Carolina (Sumner, Osburn, and Cole, 1911;
Hay and Shore, 1918; Cowles, 1930; Lunz, 1937; McDermott and Flower,
1952; Landers, 1954; McDermott, 1960; Daugherty, 1969).

It is

most numerous on subtidal oyster bars and pilings in higher salinity
waters ( > 15&>).

Despite its abundance and probable ecological

significance, very little is known about its biology.

Most pub

lished information concerns the development and physiological
ecology of the larvae (Birge, 1883; Hyman, 1925; Chamberlain, 1957,
1961).

McDermott and Flower (1952), Landers (1954), McDermott (1960),

*Throughout the remainder of this paper the term Neopanope will,
unless otherwise indicated, refer solely to the subspecies N. t.
sayi.
2
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and Oakes and Haven (1971) identified Neopanope as a predator of
barnacles (Balanus improvisus), hard clams (Mercenaria mercenaria),
oysters (Crassostrea virginica) and stinging nettle polyps
(Chrysaora quinquecirrha).

McDermott (1964) noted that Neopanope

is the major food item of the toadfish (Opsanus tau) in Delaware
Bay.

Data on the presence of ovigerous females in collections

suggest that Neopanope spawns during the summer, but a comprehensive
survey of the annual reproductive cycle has not been made (Sumner,
Osburn, and Cole, 1911; Rathbun, 1930; McDermott and Flower, 1952;
unpublished data of W. A. Van Engel and H. D. Hoese).

Ryan (1956)

commented on the size at which this species attains sexual maturity,
but his criteria were not developed specifically for Neopanope,
and his sample consisted of 1 2 specimens none of which was ovigerous.
The only published information on the growth season was provided by
Rathbun (1930), who listed four molts, all by males and all during
August.

The paucity of information of the biology of Neopanope

provided the initial incentive for my investigation of its postlarval growth and reproduction.
The literature on growth and reproduction in the entire
Xanthidae (one of the largest families in the Brachyura) is not
extensive.

The major contributions are those of Binford (1913)

and Fasten (1917, 1921) on gametogenesis and fertilization; Drach
(1939, 1949) on ecdysis and the growth season of Xantho floridus;
Knudsen (1957, 1959a, b, 1960a, b, 1964a) on the general ecology of
several xanthids from the Pacific coast of North America; Bourdon
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(1962) on the spawning cycle of European xanthids; and Cheung (1969)
on the hormonal and environmental control of spawning by Menippe
mercenaria females in the laboratory.

Very little is known about

sexual behavior, intermolt duration, size increment at ecdysis,
life span, sexual dimorphism, and maturation in xanthids.

The

growth and reproductive seasons have been adequately described for
only a few species.

Experimental study has been limited, the

major exception being Cheung’s (1969) analysis of the effects of
eyestalk extirpation on molting and spawning in M. mercenaria■
In this report, I will describe for Neopanope the molting,
spawning, and mating seasons; the influence of environmental factors
(especially temperature, salinity and photoperiod) on growth and
reproduction; maturation, sexual behavior, and spawning, the
integration of growth and spawning cycles in females; molting behavior,
size increment at ecdysis, and intermolt duration; and the effects
of food availability, background color, autotomy, and eyestalk
ablation on the molt cycle.

An emphasis will be placed on relation

ships between growth and reproductive processes. My approach to
the problem was primarily that of environmental physiology and
ethology.

Few experiments were directly concerned with the hormonal

control of growth and reproduction, although the results have been
interpreted in terms of endocrine models proposed by others.
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GENERAL MATERIALS AND METHODS

Collections

All collections were made in the immediate vicinity of the
former ferry pier at the Virginia Institute of Marine Science,
Gloucester Point, Va., on the York River estuary.

Crabs were

obtained from the fauna and flora attached to the pilings and from
two trays of oyster and clam shells (including some live Crassostrea virginica and Mercenaria mercenaria) placed on the bottom of
the river adjacent to the pier.

The oyster trays (48 by 100 by

14 cm, 45 by 52 by 15 cm) were constructed of iron rods and heavily
fouled with barnacles, sponges, sea squirts, and a variety of other
organisms associated with oyster beds and pilings in the lower
York River.
The pilings and trays were sampled at frequent intervals from
23 October 1968 through 28 November 1970.

The collections usually

contained fifty to several hundred specimens of Neopanope.

The

presence of soft crabs, percentage of ovigerous females, size
frequency, sex ratio, handedness frequency, and other data were
obtained for some or all of the samples.

Identification

Neopanope is sympatric at Gloucester Point with two other
xanthids, Eurypanopeus depressus and Panopeus herbstii. Although

5
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Neopanope was numerically dominant, specimens of each of the three
species were always found in large collections.

Rapid and accurate

sorting of live specimens of all sizes was accomplished using the
following criteria :
(1 ) A number of dark spots are present on the exoskeleton
of Neopanope especially in the oral region where they resemble
freckles.

Such spots are not conspicuous in the other two

species.
(2)

Each of these three xanthids has a species-specific red

spot on the inner surface of the ischiopodite of the third
maxilliped.

The spot of E. depressus is oval, relatively

large, and centrally located on the ischiopodite.

The red

spot of Neopanope is similar to that of P. herbstii, i.e.
round and located at the base of the ischiopodite, but its
color is much less intense and its margin less well defined.
These spots were only occasionally seen in Neopanope.
They are always present in both sexes of E. depressus and
males of P. herbstii, but in only 55% of P. herbstii females
(Ryan, 1956; Williams, 1965).
(3)

The dactylopodite of the major chela of Neopanope lacks

the large basal tooth of P. herbstii.

The "fingers" of the

minor chela of Neopanope are not spooned-shaped as in E.
depressus.

Maintenance of Crabs in Captivity

Small crabs ( < 8 mm) were usually held individually in com
partments (70 ml) of plastic trays (Trans-Box, No. P618, Vlchek
Plastics Co.).

Each day they were given a piece of the adductor
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muscle of the hard clam, Mercenaria mercenaria; allowed to feed
for one or two hours; and then transferred to a clean tray contain
ing filtered (3 ju) York River water.

Larger crabs were usually

maintained in community tanks (bottom area, 0.5 - 1.0 m3 ; water
depth, 1 0 cm) provided with a continuous supply of fresh seawater.
The crabs in these "wet tables” were given many pieces of clam
muscle each day.

The tanks were cleaned once each week, and more

often during periods of "red tide" or high siltation.

Individual

crabs were identified by ink marks on the carapace (Tech-Pen Ink,
Mark-Tex Corp.).

The sex, carapace width, handedness, and absence

of pereiopods were recorded in order to relate soft crabs with
their exuvia .
Unless otherwise noted, all crabs were maintained at approxi
mately ambient conditions of temperature, salinity, and photoperiod.

Measurements

Several methods of linear measurements were employed.

Either

a caliper or a set of dividers and rule were used for dimensions
> 6 . 2 mm.

Both techniques had a precision of 0.1 mm.

Two power

settings of a dissecting microscope equipped with an ocular
micrometer were used for morphometric measurements < 6.2 mm.
10X the precision was 0.062 mm, and at 20X, 0.027 mm.

At

Random

replicate measurements showed a mean deviation from the originals
of < 0.033 mm for all of the above techniques.

For statistical

analyses, measurements were considered accurate to the nearest
0.1 mm.

Unless otherwise specified, the size of a specimen is

given as the width of the carapace between the tips of the fifth
anterolateral spines.

Egg diameter was measured under a compound
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microscope with an ocular micrometer (precision:

0.0054 mm).

Objects were weighed with a Sartorius balance (precision:

0.0001

gm).
Preservation
All animals were preserved in a 70% ETOH - 5% glycerine solu
tion.

Stages of the Molt Cycle
The modern classification of the brachyuran molt cycle has
been only slightly modified since it was developed by Drach (1939)
(Hiatt, 1948; Passano, 1960a).
stages, designated A-E.
follows ecdysis.

Briefly, there are five major

The soft crab stage (A) immediately

Sclerotization of the exoskeleton begins in the

soft stage and continues during the paper shell stage (B).

Tissue

growth is completed at the beginning of the hard stage (C).

In

the longest substage, C 4 , organic reserves are deposited in the
hepatopancreas.

The molt cycle may arrest in C 4 in either a

temporary or permanent anecdysis.

Preparations for molting are

initiated during the first substage of proecdysis (D0 ).

The main

events of this stage are the resorption of salts from the old
exoskeleton and the formation of the new exoskeleton.
of the D 4 the crab literally cracks open.

At the end

Molting occurs during

the fifth major stage, ecdysis (E).
As Passano (1960a) noted, the most significant event in the
molt cycle is the initiation of proecdysis.

I was unable to

develop reliable and objective criteria of all of the stages of
Drach’s scheme for Neopanope. However, I did study temporal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

relationships between the initiation of proecdysis, ecdysis, and
other events such as spawning, hatching of eggs, and copulation.
Since Drach's scheme is widely used in crustacean research, I
tried to interpret the results of my study in terms of the stages
outlined above.
Autotomy and Regeneration

Brachyurans are able to autotomize pereiopods at a breakage
plane in the basi-ischiopodite.

Regeneration begins as a sac-like

bud grows.out from the plane of autotomy.

The growth of the bud

can be divided into basal and proecdysial phases (Bliss 1956, 1960;
Bliss and Boyer, 1964).

Basal growth refers to the initial rapid

development of the bud.

Regeneration may then cease during a

growth plateau.

The resumption of growth is a very useful criterion

of the initiation of proecdysis (Bliss, 1956; Passano, 1960a;
Skinner, 1962; Bliss and Boyer, 1964; Stevenson and Henry, 1971).
Proecdysial growth ends at ecdysis, after which a functional
pereiopod is present.
The length of limb buds was measured from the breakage plane
to the distal tip of the sac.

To facilitate comparison of buds

of crabs of different sizes, the relative bud length is given by
R, where:
R = Bud length
Carapace width

x 100

(Bliss, 1956)

Autotomy was induced by crushing the pereiopod with a pair
of forceps or pliers.

Limb bud measurements were made with a

dissecting microscope and ocular micrometer.

Replications showed

that measurements were accurate to the nearest 0 . 1 mm.
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Temperature, Salinity, and Photoperiod Data

Temperature and salinity of the water pumped into the labora
tory was recorded to the nearest 0.1 C and 0.1&>, respectively.
Values obtained from river surface samples did not differ at these
precision levels from those obtained after the water had been
pumped through the seawater system.

Temperature was determined by

a stem thermometer, and salinity by a RS-7B Induction Salinometer
(Beckman Instr. Inc.).

Recordings were made daily, usually

between 0800 and 1200 EST.

The water depth at the pump’s location

was about 2 m at low tide.
Data concerning the annual variation in the length of day at
Gloucester Point were obtained from the Tide Tables, East Coast
North and South America, published by the U.S. Coast and Geodetic
Survey.
Statistics

With the exception of the Student - Newman - Keul’s multiple
range test described by Steel and Torrie (1960), statistical pro
cedures follow Snedecor (1956).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

RESULTS

I - SEASONAL CYCLES OF GROWTH AND REPRODUCTION

Temperature, Salinity, and Photoperiod Cycles

The seasonal cycles of temperature, salinity, and light during
the period October 1968 through November 1970 are presented in
Fig. 1.

There was no consistent annual pattern in salinity fluctua

tions . A reduction in salinity, presumably due to freshwater run
off, was obvious during the spring of 1970, but considerably less
apparent during the same period in 1969.

Great reductions in

salinity occurred following major storms accompanied by heavy rain
fall.

After the passage of Hurricane Camille in August 1969, the

salinity fell to the two-year minimum of 12.6&.

The maximum re

corded salinity was 23.6&>.
The annual temperature range of estuaries in the region of the
Chesapeake Bay exceeds that of almost all other marine environments.
This is due to the location of these estuaries on the east coast of
a major continent in a belt of westerly winds (Spar, 1962).

Such

coasts experience the major temperature fluctuations of a continen
tal rather than a maritime climate.

At Gloucester Point the

ambient temperature varied between 0.0 and 29.9 C, as measured in
about 2 m of water.

The basic annual temperature pattern was

constant, although there were variations between the two years,
the most notable being the colder winter of 1969-1970.
11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

12

Fig. 1. Seasonal fluctuations in temperature, salinity, and
length of day in the York River estuary at
Gloucester Point.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(SUflOH) AVa JO H19N3H
in

ro c\j —

o

cd

1969

I

1970

CD

1968 I

ll

O « 3 l D ^ N O C 0 t D ^ N O 0 3 l D ^ W O

(°%) A ll NI1VS PUD ( 0o) 3&niVd3dtA!3±

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

13
Annual extremes of salinity occurred over a period of a few
days, but weekly variations in temperature averaged only 2-3 C
and were just a fraction of the total seasonal range.

Certainly

all permanent estuarine residents must be both eurythermal and
euryhaline, but the potential survival value of adaptations to
seasonal changes must be much greater for temperature than salinity.
The length of day (sunrise to sunset) at Gloucester Point
varied between the winter minimum of 9 hr and 30 min and the
summer maximum of 14 hr and 49 min (Fig. 1).

The light and tempera

ture cycles were out of phase with one another by about five weeks.
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The Molting Season
Materials and Methods

Seasonal changes in molting frequency were studied from April
1969 through May 1970 by recording ecdyses among crabs maintained
at approximately ambient conditions in compartmented trays.

This

investigation was designated the Monthly Molt Study.
Trays were placed on a wet table supplied with continuously
running seawater to keep them as close to ambient temperature as
possible.

During the winter, the relatively high room air tempera

ture raised the temperature of the tray water 1-2 C above ambient,
but in the warmer months the difference was < 1 C.
and

From April

through November 1969, and

during April

(usually 4-7 mm wide) were

collected at the beginning of each

May1970, 36specimens

month and maintained for a

30-day period.

Only 18 crabs were used

each month from December 1969 through March 1970.
Results
The seasonal molting cycle of the Neopanope population can
be divided into two, 6-month phases.

In both 1969 and 1970 the

molting season began in late April - early May and continued until
late October - early November (Table 1).

During the remainder of

the year there were no molts in the laboratory nor were soft crabs
collected from the field.

This period is referred to as the winter

anecdysis.
14
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Table 1. Duration of the molting season in the Neopanope population in the York River at
Gloucester Point.
Source
Evidence of the

Monthly Molt Study

1969

First molt 24 April
First molt

Community tank

1969

First Molt 19 May

1970

First Molt

Field collections

1969

Soft crabs present 8 May

1970

Soft crabs absent 30 April and 1 May, present 15 1

Monthly Molt Study

1969

Last molt 31 October

Community tank

1968

Last molt 29 October

season

Evidence of the
end of the

Evidence

1970

beginning of
the molting

Year

3 May

4 May

molting

1969

Last molt 23 October

season

1970

Last molt 22 October

1968

Soft crabs present 22 October, absent 8 November

Field collections

1969

Soft crabs present 16 October, absent 4 November

1970

Soft crabs present 23 October, absent 18 November

16
Ecdyses among the Monthly Molt specimens occurred continuously
and at about the same rate from 24 April through 31 October 1969
(Table 2).
on 3 May.

Molting resumed after the 1969-1970 winter anecdysis
During the molting season (April 1969 excluded), the

number of monthly ecdyses ranged from 33 in August 1969 to 57 the
following month.

This variation probably did not reflect changes

in the molting activity of the natural population.

More likely,

it was due to differences in the mean size of the crabs in the
monthly samples (Table 2).

Since the intermolt duration of crabs

held in compartmented trays increases with carapace width ( p. 124)
small crabs will molt more often than larger crabs in the same
period of time.

Temporal changes in the size frequency of the

Neopanope population made it impossible to use crabs of the same
size (4-7 mm) in all of the monthly samples, especially in August
and September 1969.

When those samples were collected, most

members of the 1969 year class were < 4 mm, and most members of
the 1968 year class were > 7 mm (see size frequency analysis, p. 55).
The August sample was restricted to the smallest available members
of the 1968 year class, but the mean size (8.0 mm) was substantially
larger than that of any other monthly sample (Table 2).

Conversely,

more than half of the crabs in the September sample were < 4.0 mm
(Table 3).

Thus, the extremes in the number of monthly molts are

probably due to differences in the sizes of the specimens, and
the occurrence of the extremes in consecutive months reflects a
switch in sampling from large one-year-old crabs to the very small
young-of-the-year.
The molting season of adults (10-25 mm) was not greatly
different from that of the predominantly juvenile specimens of
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Table 3. Size distribution of the specimens in the July - October
1969 Monthly Molt samples.
Carapace
Width (mm)

July

Monthly Sample
August
September

3.0-3.9
4.0-4.9

October

8

2.0-2.9

2

12

3

1

17

5.0-5.9

14

1

2

13

6.0-6.9

11

6

7

3

7.0-7.9

6

7

3

8.0-8.9

2

15

3

1

7

6.3

8.0

9.0-9.9
Mean Size
Number of
Molts

48

33

4.8
57

4.9

39
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the Monthly Molt Study.

There are minor temporal, but significant

biological differences in the initiation of molting in the spring,
which are attributable to relative size and sex.

These, as well

as the effects of spawning on the intermolt duration of females,
will be examined in later sections.

However, the presence of

large soft crabs and exuvia of both sexes in field collections
and the community tanks indicates that once adults begin molting in
the spring, they, like juveniles, continue to molt until the winter
anecdysis begins in late October - early November.
Temperature exerts a strong influence on the initiation of
molting and the intermolt duration (Passano, 1960a).

Molt inhibi

tion by low temperature has been reported for a number of brachyurans including a xanthid, Xantho fLoridus (Drach, 1949).

Because

of the large annual variation of water temperature at Gloucester
Point, I was particularly interested in the effect of this factor
on the seasonal growth cycle of Neopanope.
Molting began in the spring and ceased in the fall at approxi
mately the same temperature (15-16 C) (Table 2).

Water temperature

was changing rapidly at both times (Fig. 1), and the rate and
direction of change, as well as the absolute value, could have
influenced the initiation and end of the molting season.

The

number of molts/day in the Monthly Molt Study increased rapidly
in the temperature range 15.0 - 17.9 C (Fig. 2).

The maximum

number of molts/day occurred when the temperature was 22.0-22:.9.C.
This value was reduced at temperatures above 25.0 C, suggesting a
slight inhibition of molting.
As the specimens of the Monthly Molt Study left or entered
their winter anecdysis, there was a transition period of a few
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Fig. 2. The molting frequency in the Monthly Molt Study
relative to the temperature on the day of ecdysis.
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weeks during which only a portion of the crabs were engaged in
molting activities.

These transition periods occurred primarily

during May and October, and were also evident in the natural popu
lation.

Field collections made in mid-May contained crabs which

were soft or showed signs of a recent molt (bright carapace with
distinct markings), whereas others had a dull brown carapace
typical of crabs which have not molted recently.

The relation

ship between water temperature and the transition period was
particularly apparent in the October 1969 Monthly Molt sample.
During the latter part of that month, the tray temperature dropped
rapidly from 20.2 C on 21 October to 16.8 C on 25 October and
fluctuated between 16.0 and 16.9 C for the next six days.

During

that week there was only one ecdysis (of the 39 in all of October)
and it was the last molt of the season.
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The Winter Anecdysis
The results of the Monthly Molt Study indicate that tempera
ture is the primary environmental factor responsible for the winter
anecdysis.

This conclusion was examined in the five experiments

reported in this section.

(1) A T Experiment.

To determine whether

higher temperature would induce molting when winter photoperiod
and salinity conditions were not altered, crabs were subjected to
a temperature increase from winter ambient (<10 C) to room temper
ature (> 20 C).

(2) A T plus Autotomy.

Chelipeds were autotomized

at the time of A T so that the regeneration pattern of the limb
could be used to monitor growth processes prior to ecdysis.
Reverse A T.

(3)

Specimens were subjected to A T and autotomy, later

returned to winter ambient temperature to elucidate the influence
of low temperature on growth processes initiated by A T.
Multiple Autotomy.

(4)

The removal of several pereiopods promotes

molting in Gecarcinus lateralis (Skinner and Graham, 1970).

The

effects of multiple autotomy on the winter anecdysis of Neopanope
were examined in this experiment.

(5) Eyestalk Ablation.

A molt-

inhibiting hormone is produced in the brachyuran eyestalk (Passano,
1960a).

Eyes of Neopanope were therefore ablated to see if this

would induce proecdysis and molting at low temperature.

22
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Materials and Methods
A T Experiment
On 13 December 1968, 36 crabs were collected, randomly divided
into 2 groups of 18 crabs each, and placed in compartmented trays
at ambient temperature (6.4 C).

The next day the tray containing

one group (warm) was allowed to warm to room temperature (22.7 ±
3.6 C during this study).

The second group (cold) was held at

ambient temperature (6.7 ± 1.1 C) for 13 days and then brought to
room temperature.

All crabs were held until they molted twice.

The mean size of the specimens in the cold and warm groups was
3.3 and 3.2 mm, respectively.
A T plus Autotomy
On 16 and 17 December 1969, 70 crabs were collected and ran
domly divided into 14 groups of 5 crabs each.

Seven of these groups

were used in the next experiment (Reverse A T) and the rest were
used in a study of the effects of autotomy on intermolt duration
(p. 154).

Data from one of the groups in the latter experiment will

be given in this section to illustrate premolt growth processes
initiated by A T .
The five crabs (mean size, 5.9 mm) were removed from the
ambient temperature bath (6.2 C) on 18 December.

After their

trays reached room temperature (22.7 C), their chelipeds were autotomized.

The crabs were held at room temperature and their limb

buds measured daily until they molted.
Reverse A T
Seven of the groups collected on 16 and 17 December 1969 were
also subjected to A T on 18 December, but after reaching room
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temperature, only the left cheliped of these crabs was autotomized.
Groups one through seven were returned to ambient temperature
(4.7 ± 3.1 C) at times A T + 0, 3, 4, 5, 7, 8, and 11 days, respec
tively.

In each group the right cheliped was autotomized at the

time of temperature reduction.

The limb buds were measured daily

for the first 12 days, and at 3-10 days thereafter, until the experi
ment was terminated 45 days from the original temperature increase.
The mean size of the crabs in the seven groups ranged from 5.1 to
5.9 mm.

Multiple Autotomy
Sixty experimental animals, ranging in size from 4.0 to 7.3 mm,
were collected on 16 and 17 December 1969 and randomly divided into
six groups of ten crabs each.

On 18 December pereiopods of the

specimens were autotomized as follows :

Number of
Group

Autotomized Pereiopods

Autotomized Pereiopods

1

First pair (chelipeds)

2

2

Third pair

2

4

3

First and third pairs

4

First, third, and fourth pairs

6

5

All except second pair

8

6

All except the right second
pereiopod

9

The crabs were then placed in compartmented trays at ambient tempera
ture (4.7 ± 3.1 C) for the duration of the experiment (45 days).
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Eyestalk Ablation
Thirty-six specimens ranging in size from 6.3 to 7.8 mm were
collected on 3 February 1970 and randomly divided into two groups
of 18 crabs each.

On 4 February both eyes were ablated in all

members of one group.

The operation was performed by inserting

a needle from the distal tip to the base of the eye and then lifting
the entire eye, including the stalk out of the eye socket.

Autotomy

of the left cheliped was induced in nine of the crabs so that the
initiation of proecdysis might be recognized by limb bud growth
even if the act of molting was not possible.

This group was held

at ambient temperature (7.4 ± 3.1 C) for 30 days.
The second group was brought to room temperature (23.9 ± 2.7 C)
on 4 February.

Nine of these crabs were left completely intact as

an in-group control.

[An intact control was not used in the cold

treatment group because at the time of this experiment it was known
that whole crabs will not molt or initiate proecdysis at winter
ambient temperatures.]

Just before A T, the eyes of the other nine

crabs were ablated, and the left cheliped of four of these specimens
was autotomized.
Results
A T Experiment
Proecdysis was initiated by increasing the temperature to above
20 C (Table 4).

After 13 days 75% of the warm group had molted,

but none of the crabs held at ambient temperature showed any signs
of proecdysis.

Observations during the Monthly Molt Study the

following winter indicated that crabs could be held indefinitely at
winter ambient temperature without molting.

Both feeding and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

26

Table 4. The time intervals from A T to the first molt and from
the first to the second molt of the Warm and Cold groups
of the A T experiment. The A T of the Cold group occurred
13 days after that of the Warm group.

Time Interval

Experimental Group
Cold
Warm

Statistical Comparison

A T to Molt I
Duration (days)
Mean
Range
Number of Specimens

13.9
9-33

12.7
10-21

171

172

t = 0.74, P >0 . 4 0

Molt I to Molt II
Duration (days)
Mean
Range
Number of Specimens

15.7
11-24
17

15.6
12-21

t = 0.10, P > 0.50

17

T - - - - - - - - - - - - - - - - - - - - - - - - - o- - - - - - - - - - - - - - - - - - - - - - - - -

One crab was misidentified. ^One crab died before Molt I.
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general activity of Neopanope in the laborato ry were substantially
reduced at low temperatures.

There was no significant difference

between the two groups in the mean duration from A T to the first
molt, or from the first to the second molt, even though the cold
group was held at ambient temperature for an additional 13 days.
Since, with the exception of temperature, the treatment of both
groups was identical, and since all crabs were held at ambient
winter salinity and photoperiod, this experiment supports the
hypothesis that the winter anecdysis is a consequence of low temper
ature .
The A T experiment became the basis of further tests of the
effects of a variety of environmental factors on intermolt duration.
The A T design involves the initiation of proecdysis from winter
anecdysis, by increasing the temperature from winter ambient to
room temperature; and the comparison of the effects of a given
treatment on the A T-Molt I and Molt I-Molt II intervals.
A T plus Autotomy
The five crabs subjected to A T and dual cheliped autotomy on
18 December 1969, molted 12-18 days later and all regenerated both
chelipeds.

The growth patterns of the two cheliped buds of indi

vidual crabs were almost identical, and data for only the left
cheliped is given in Fig. 3.

Since limb buds were evident 3-4

days after autotomy, the temperature increase must have resulted
in an almost immediate initiation of regeneration.
In Neopanope, basal and proecdysial growth during limb bud
regeneration are usually continuous, i.e. no growth plateau occurs,
and the rate of change of R is essentially constant from the
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Fig. 3. Growth of the left cheliped bud of two females
(dashed lines) and three males (solid lines)
autotomized at the time of A T (6.2-22.7 C).
The last R value is that recorded on the day
before ecdysis.
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initiation of regeneration to ecdysis.

This results in an approxi

mately linear relationship between bud length and time from autotomy
(Fig. 3).

This linear pattern is characteristic of pereiopod

regeneration of crabs of both sexes and all sizes.

However, the

absolute rate of growth, i.e. the slope, tends to decrease as
carapace width increases.
The rate of cheliped bud growth of one of the females of Fig.
3 deviated after eight days from the linear pattern seen in the
others.

This was not unusual.

In a number of later A T experiments,

one or two crabs died before molting twice.

Usually there were a

few outliers, i.e. crabs which molted well beyond the mean inter
molt interval.

However, if the treatments did not involve different

degrees of stress, these deaths and outliers were equally divided
among the experimental groups.

The response of the majority of

the specimens was always sufficiently good to permit analyses of
differences due to treatments.
Reverse A T
•The limb bud growth of all specimens returned to ambient
temperature at various times following autotomy and A T , ceased
immediately after the temperature was reduced (Fig. 4).

Fluctua

tions in mean R (left cheliped) after that time were probably due
to measurement error.

There were no individual cases in which the

left bud continued to grow or was absorbed after the temperature
decrease.

Individual R (left cheliped) at the time of the tempera

ture reduction ranged from 0 to 23.

Although limb buds as large as

the latter value indicate that ecdysis is imminent, none of the
crabs molted after being returned to ambient temperature.

In
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Fig. 4. The mean regenerative growth of the left cheliped
of seven groups of five crabs, which were brought
from ambient winter temperature (< 8 C) to room
temperature (~ 23 C), autotomized, and at various
times after autotomy, returned to ambient temper
ature. Solid lines: growth at room temperature,
dashed lines: growth at ambient temperature.
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addition, regeneration of the right chelipeds, which were autotomized
at the time the temperature was reduced, was never initiated.

In

stead, the autotomy plane of the right cheliped was covered shortly
after autotomy by a black scab.

Such scabs were found on crabs

with missing appendages, but no buds, collected from the field
during the winter anecdysis.

Later observations showed that the

black scab may disappear before bud growth is initiated in the
spring, or the bud may simply break through the scab.

The scab

does not form if regeneration begins shortly after autotomy.
Twelve of the 35 crabs in this experiment died on or before
the 45th day after left cheliped autotomy.

The first death did

not occur until the 21st day, and by that time the pattern of
growth cessation following temperature reduction was established
for all seven groups.

To avoid confusion, the last value of R

of crabs which died was included in the calculation of later mean
R values shown in Fig. 4.

The deaths were not evenly distributed

among the seven groups (Table 5).

Mortality was highest among

crabs held the longest at room temperature and in which regenera
tion was most advanced when the temperature was reduced.
Multiple Autotomy
Limb bud regeneration was not initiated in any of the 60
crabs held at ambient winter temperature for 45 days following the
induced autotomy of from two to nine pereiopods. Within a week
after autotomy, the base of all missing appendages was covered by
a black scab and this did not change for the duration of the ex
periment.

Only one crab died, and its death on the second day was

presumably due to the autotomy procedure.

Clearly, multiple auto

tomy will not break the winter anecdysis.
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Table 5. Mortality within seven groups of five crabs, which were
brought from ambient temperature (< 8 C) to room temper
ature (~ 23 C), autotomized, and, at various times after
autotomy, returned to ambient temperature.
Number of Days at
Room Temperature

Mean R (Left Cheliped) at
Temperature Reduction

Number of
Deaths

o1

0.0

0

3

0.8

0

4

3.2

1

5

5.8

3

7

10.6

1

8

14.6

2

11

18.6

5

'Temperature increase was followed by immediate return to ambient
bath.
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Eyestalk Ablation
At the end of 30 days none of the 18 crabs with ablated eyes
held at ambient temperature (7.4 ± 3.1 C) had molted, and there was
no evidence of limb regeneration in any of the 9 crabs missing left
chelipeds (all had black scabs).

During the same period, molting

occurred in all survivors of the 18-specimen group (including
5 with ablated eyes) held at room temperature (23.9 ± 2.7 C).
Thus, eyestalk ablation will not initiate growth processes at winter
ambient temperatures.
Five of 18 crabs in the low temperature group died, and their
deaths occurred 8, 12, 13, 2 6, and 27 days after ablation.

The

four mortalities in the warm group were restricted to the subgroup
with ablated eyes, anu all occurred within 24 hr of the temperature
rise coupled with ablation.

Since such a temperature increase

never kills whole crabs, these deaths suggest a fatal synergistic
effect between thermal and operational stress.
Although the samples were quite small, the results concerning
molting within the warm group indicate that eyestalk ablation
shortened the time from A T to the first molt, and substantially
increased the size increment at ecdysis (Table 6).

This effect

will be examined in more detail in a later section.
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Table 6. Size increment at ecdysis and A T - Molt I interval of
whole crabs and specimens whose eyes were ablated.

No Ablation
Ablation
or Autotomy
Left Cheliped
No
__________________ Autotomy_________Autotomy
A T to Molt I (days)
Range
Mean

13-21
16.6

14
14.0

9-11
10.0

Size increment (mm)
Range
Mean

0.7-1.8
1.2

2.1-2.3
2.2

2.1-2.5
2.3

6.3-7.6
6.7

6.6-7.8
7.2

6.7-7.3
7.1

9

2

3

Initial Size (mm)
Range
Mean
Number of Specimens
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The Seasonal Reproductive Cycle
Materials and Methods
Spawning Season
The duration of the spawning season was determined by the
presence of ovigerous females in 28 collections made from 1 May
1969 to 18 November 1970.

In each collection all females > 6.0 mm

(the width of the smallest ovigerous female I collected) were
retained.
Copulation Season
Copulating pairs of Neopanope were commonly observed among
mature crabs held in the laboratory.

The first copulation occurred

on 26 March 1969 in a community tank which had been established in
mid-winter.

During the spring of 1969 this tank, which was supplied

with a continuous flow of seawater and contained about 100 crabs,
was examined several times each day and the number of pairs in
copulo recorded.

Data were taken only for pairs in the final

copulatory position, i.e. all positioning movements had ceased and
the gonopods were inserted in the vulvae (see section on copulatory
behavior, p. 67).

Unfortunately, these observations were incidental

to another study which was discontinued in late May.

It was my

original intention to simply determine the duration of the copula
tion season, but it became apparent in the fall of 1969 that a
quantitative basis for seasonal comparison was required.

Conse

quently, a community tank containing 100-150 crabs was maintained
35
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from 19 October 1969 to 28 November 1970 specifically to monitor
copulation.
month.
earlier.

All specimens were replaced at intervals of about one

The copulation criterion was the same as that described
This investigation differed from the spring 1969 observa

tions in that the number of copulating pairs was counted just once
each day, usually between 0800 and 1000.

This eliminated fluctua

tions in the number of observed copulations, due to variations in
the number of daily observations of the tank.

Vitellogenesis
During vitellogenesis yolk is deposited in ovarian eggs,
which consequently increase in size and change color.

In Neopanope

the eggs change from white to green and are dark green when newly
spawned.

Although the color change is continuous, it is possible

to classify ovaries in one of four color "stages" (white, yellow,
yellow-green, and green).

Ovaries were examined by separating the

carapace from the thorax of recently collected mature females.
During the spawning season the ovulation cycles of individual
females (see section on vitellogenesis and the molt cycle, p.94)
are out of phase with one another and collections consequently
contain specimens in all stages of yolk deposition.

In a study of

ovarian condition during the winter anecdysis, ten large mature
females were collected at six times during the winter of 1969-1970,
and their gonads classified according to the criteria given above.
The gonads of 44 mature females, collected on 19 May 1970 after the
beginning of the spawning season, were also classified.
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Results
Spawning Season
Ovigerous females were collected from early and mid-May through
late September in both 1969 and 1970 (Table 7, Fig. 5).

During

May there was a rapid increase, and in September a rapid decrease
in the percent of females > 6.0 mm which were ovigerous.

Maxima

of 62 and 52% ovigerous crabs occurred between late July and early
August in the two years.
The brooding time of Neopanope eggs is about 10 days (see p. 86).
Since ovigerous females became rare in mid to late September, there
must have been a decline in spawning activity earlier in the same
month.
Copulation Season
Copulation began in the laboratory during the winter anecdysis
in late March in both 1969 and 1970 (Table 8).

In 1970 the level

of copulatory activity remained essentially constant until early
September when it dropped to zero.

The number of copulations

observed in the spring of 1969 is large relative to the same period
in 1970, because copulating pairs were counted only once each day
in 1970, but sometimes more often in 1969.

The wide fluctuations

in the number of copulations observed each week in the spring of
1969 also reflects the variation in the number of daily inspections
of the tanks.
No copulations were observed between 8 September and 22 October
1970.

This cessation of mating coincided with the end of the spawn

ing season.

Mating resumed for a short period during late October -

early November at the same time as the transition from the molting
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Table 7. The number of ovigerous crabs among females ^ 6 . 0 mm in 28
collections made between 1 May 1969 and 18 November 1970.
Da te

1 May 1969
8 May

Number of Females > 6.0 mm
Not Ovigerous
Ovigerous
0
13

Percent
Ovigerous

24
47

0
22

10 June

22

75

23

17 July

14

40

26

6 August
18 August

16
8

10
8

62
50

2 September
15 September

39
2

44
12

47
14

1
0

43
18

2
0

4 November

0

52

0

5 December

0

20

0

0

115

0

9 March

0

36

0

1 April
30 April

0
0

55
49

0
0

12 May
19 May

0
10

24
60

0
14

10 June

18

37

33

3 July
23 July

31
31

67
29

32
52

18 August

17

17

50

10, 11 September
15 September
24 September

16
7
5

38
33
93

30
18
5

9 October
23 October

0
0

63
33

0
0

18 November

0

84

0

1 October
16 October

26 January 1970
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Fig. 5. The percent of females > 6.0 mm which were
ovigerous in 28 collections made between
1 May 1969 and 18 November 1970.
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Table 8. The seasonal distribution of copulations observed in com
munity tanks in the laboratory. During the spring of 1969
pairs in the final copulatory position were counted sev
eral times each day, but this was done only once during
the fall of 1969 and 1970. No data are available for the
summer of 1969. No copulations were observed between
9 November 1969 and 26 March 1970, or between 8 Septem
ber 1970 and 22 October 1970.
1969

1970

Week

Number of
Copulations

March 26-29
30- 5
April 6-12
13-19
20-26
27- 3
May 4-10
11-17
18-24

2
1
10
13
7
11
22
15
7

October 19-25
26- 1
2- 8
9-15
16-22
23-29

3
1
1
0
0
0

November

Week

March 27-28
29- 4
April 5-11
12-18
19-25
26- 2
May 3- 9
10-16
17-23
24-30
31- 6
June 7-13
14-20
21-27
28- 4
July 5-11
12-18
19-25
26- 1
August 2 - 8
9-15
16-22
23-29
31- 5
September 6-12
13-19
20-26
27- 3
October 4-10
11-17
18-24
25-31
November 1- 7
8-14
15-21
22-28

Number of
Copulations
2
0
4
8
1
3
4
4
5
2
2
2
3
4
1
3
3
4
0
3
2
3
2
1
1
0
0
0
0
0
1
1
0
1
0
0
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season to the winter anecdysis. Although daily observations were
continuous, no copulations were observed between 8 November 1969
and 26 March 1970.

In 1970 the last pair in the final copulatory

position was seen on 9 November.

Another pair was observed in

preliminary copulatory behavior on 14 November, but since they
failed to complete the mating, that observation is not included in
Table 8.
Vitellogenesis
The ovaries of all females were not in the same stage of
vitellogenesis during the winter anecdysis of 1969-1970 (Table 9).
In some crabs the eggs were small and white, and in others, large
and green, indicating substantial yolk deposition.

Also, a number

of females were collected whose gonads were in an intermediate
stage of vitellogenesis.

Although the sample sizes were small,

there was no obvious change in the results from early November
through early April.

Apparently the females enter the winter

anecdysis with ovaries in different stages of development, and
vitellogenesis is arrested until the following spring.

Otherwise,

there would have been a shift during the winter to a single stage
of development.

Vitellogenesis resumed in April, and by the end

of that month most mature females contained ovarian eggs in advanced
stages.
Mature females collected on 19 May 1970, after molting had
begun in the Neopanope population,

were divided into three groups :

ovigerous females, mature nonovigerous females with no signs of
a molt after the winter anecdysis (brown, worn carapace), and
mature, non-ovigerous females with signs of a recent molt (clean
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Table 9. The condition of ovarian eggs and spermathecae in mature females collected during the
winter anecdysis of 1969-1970.
Date

Number
of
Females

White

Ovarian Egg Color
YellowGreen
Yellow Green

4 November 1969

10

5

5 December

10

3

6

1

2

26 January 1970

10

2

1

6

1

9 March

10

3

6

1

1 April

10

3

30 April

10

2

Swollen
Spermathecae

3

1

2

3

2

1

9

5

4

3

2

1

8

6

8

1

1

16

7

19 May:
Ovigerous females

10

1

Nonovigerous females :
Post-winter molt

15

1

No post-winter molt

19

1

43

carapace with vivid markings).

None of the ovigerous females had

left the winter anecdysis, and the ovaries of some indicated that
vitellogenesis was proceeding in preparation for a second spawning
before the first molt.

Sixteen of the 19 nonovigerous females

which were still in their winter anecdysis, contained large, green
eggs, suggesting that they would spawn shortly.

Similarly, the

ova of the majority of the crabs which had molted recently were
in the later stages of vitellogenesis.
These data indicate that toward the end of the winter anecdysis,
when juveniles, mature males, and some mature females are under
going physiological preparations for molting, a substantial portion
of mature females are utilizing their organic reserves in vitello
genesis.

More specific information on the end of the winter an

ecdysis is presented in the next section.
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Initiation of Spawning and Molting in the Spring
Materials and Methods
Limb Bud Growth at Ambient Temperature
Crabs which lose appendages during the winter anecdysis develop
limb buds before their first molt in the spring.

Observations on

limb regeneration can therefore provide evidence of the initiation
of growth processes at the end of the winter anecdysis.
During the winter and spring of 1970 all specimens missing
one or both chelipeds at the time of collection, were marked for
individual identification and placed in a wet table.

A few of

these crabs possessed regeneration buds, but the autotomy plane of
most was covered by a black scab.
26 January.

The first collection was made on

Specimens were added to the community tank until

molting began in the population in early May.

Because of the rar

ity of crabs with missing claws, the chelipeds of ten crabs were
autotomized in the laboratory on 23 February.
measured every 3-7 days.

Limb buds were

Altogether 35 crabs (8-20 mm) were used,

but only 23 were held until their first molt.

Eight of the other

animals escaped, two died, and the limb buds of two were damaged.

Spawn - Molt History of Whole Crabs
Experiment I
On 8 May 1969, 12 ovigerous and 57 large, nonovigerous females
were collected.

All were still in the winter anecdysis, although

a number of small (< 10 mm) soft specimens were collected on that
44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

45
day.

The 57 nonovigerous females were placed in a community tank,

and examined several times a week for soft and ovigerous specimens,
which were removed and preserved.

The females were held until all

had spawned, molted, died, or escaped.

Experiment II
During the spring of 1970 I examined the molt - spawn history
of crabs of all sizes and both sexes.

One hundred specimens were

collected on 1 May and placed in a community tank.

None of the

crabs collected that day were soft or showed signs of a post-winter
molt.

Each day the crabs were counted and all ovigerous or soft

specimens removed.

Soft crabs were allowed to harden for five

days in isolation before being preserved.

This was continued until

all of the crabs had either molted, spawned, died, or escaped.
The state of maturity of females was determined by the criteria
given in a later section ( p.109).

The exuvia of immature females

were compared with their postmolt condition to see if they had
undergone a pubertal molt.

Experiment III
Also during the Spring of 1970, the post - spawn history of
32 females which spawned at least once before leaving their winter
anecdysis, was followed until they molted, died, or escaped.

These

specimens included 4 females from the limb bud growth experiment
( p. 44 ), 13 crabs which were not ovigerous when collected on 12
May, but later spawned in the laboratory; and 15 ovigerous females
collected on 20 May.

Since the spawning season did not begin until

after 12 May 1970 (Fig. 5), the latter 15 crabs were carrying their
first egg mass of the year.

All of these females were held in the
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presence of males in community tanks at ambient water
conditions.
Results
Limb Bud Growth at Ambient Temperature
The results of this investigation are shown in Fig. 6, where
the relative size of the cheliped bud (R) is plotted against time.
The first evidence of limb bud growth was observed in late March
when the temperature was 10-12 C.

However, most of the specimens

of both sexes initiated limb regeneration in

April and early May.

Molting began on 4 May, and with the exception of the females which
spawned before molting, most of the animals made their first ecdysis
by the end of that month.
Four specimens had large limb buds (R = 10-18) at the time of
collection during the winter anecdysis.

These buds did not increase

in size until about the same time that regeneration was initiated
in crabs which had missing chelipeds, but no buds (Fig. 6).

It

seems likely that since the buds did not grow during the period
immediately after collection, they were not growing before the
time of collection.

This conclusion is consistent with results

already presented which show that a return to winter ambient
temperature arrests regeneration processes artificially initiated
by A T.

Apparently, the same thing happens at the beginning of

the winter anecdysis.

Thus, the growth of cheliped buds to the

size at collection during the winter probably occurred at the end
of the previous growth season.
Four of the ten mature females spawned before molting and
regenerating a new cheliped.

They provide an important exception
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Fig. 6. The growth of cheliped buds of crabs held at ambient
temperature during the winter and spring of 1970.
The growth lines begin at the R value at the time of
collection and end at the last value recorded before
the molt. The dashed lines represent the bud growth
of females which spawned before molting.
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to the regeneration pattern for the other crabs and will be dis
cussed later in this section.
Spawn - Molt History of Whole Crabs
Experiment I
The collection on 8 May 1969 of 12 ovigerous females which
were still in their winter anecdysis was the first indication that
mature females spawn before molting in the spring.

The presence of

soft crabs in the same collection suggested that all segments of
the Neopanope population do not leave the winter anecdysis together,
i.e. mature females spawn at the same time that immature females
and males begin molting.
Of the 57 large, mature, nonovigerous females collected on
8 May, 50 later spawned before molting, three molted, and 4 died
or escaped.

Thus, including the 12 ovigerous crabs collected on

8 May, 62 of the 65 mature females whose later history is known,
spawned before leaving their winter anecdysis.
Data taken during a study of copulatory activity in the
spring of 1969 show that 15 of 30 mature females observed copulating
during the winter anecdysis, spawned before molting in May.

Large

males (12-20 mm) in the same community tank began molting at the
same time.

These data are incomplete since a pump failure terminated

the experiment prematurely and killed the other 15 females.

However,

none of the original 30 females molted without spawning first.
Experiment II
The molt-spawn history of the 100-crab sample collected on
1 May 1970 is indicated in Table 10.

The first molt in this series

occurred on 4 May, one day after the first molt in the Monthly
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Table 10. The history of 100 crabs collected during their winter ar.ecdyses on 1 May 1S70
and held in a community tank until they molted, spawned, died, or escaped.
Date
Total

4 May 1970
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
1 June
5
6

3
6
3
5
1
2
2
1

Number of Molt
Males
Females
Mature
< 10 nur.
> 10 mm
Immature

Deaths

Crabs
Lost

3
2

4
2
2

1
3

1
1

1
2
1

1
1
1

4

1

2

4
3
2
1
3
4
6
4
4
3
5
2
3
3

1
2

1

1
1
2
1

2
1

1

1
2
1
1

1
1

2
1
1

1
1

1
1

1

1

1
1
2
2
3
2
1
3
1
2
1

1
2
1

1
1
2
1

1
1

2
2
3

1
1

1
1

1
1
Totals

Spawnings

78

1
1
22

14

17

25

15

2

7

■
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Molt Study.

By 6 June all crabs had either molted (78 specimens),

spawned (13), died (2), or escaped (7).
As shown in Table 10, most mature females molted later than
immature females, and there was a tendency for larger males ( > 10
mm) to molt after the smaller ones.

This may simply reflect the

greater time required by larger crabs to make the necessary phys
iological preparations for ecdysis.
The first molt after the winter anecdysis represented the
pubertal molt of over half of the immature females in the 1 May
sample.
There was no substantial temporal difference in the initiation
of spawning and molting among mature crabs.
occurred on 15 May.

The first spawning

Only two of the 25 mature females which molted

without spawning, molted before that date (Table 10).

Similarly,

most males > 10 mm molted on or after 15 May.
There was a strong tendency for large mature females ( > 10-11
mm) to spawn before molting, while smaller mature females molted
without spawning first (Table 11).

This trend was also present in

1969, but not noticed then because the criteria of sexual maturity
had not been constructed and only large females ( > 10 mm), whose
maturity was certain, were included in the samples (Table 11).

The

conclusion that all or most mature females spawn before leaving the
winter anecdysis must therefore be modified to indicate differences
associated with relative size.
Experiment III
There was a delay of the first molt of females which spawned
before leaving the winter anecdysis.

In experiment II, the first
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Table 11. Size distribution of mature females which
spawned before molting at the end of the
winter anecdysis, as opposed to those
which molted without spawning first.
Date of Collection
1 May 1970
8 May 1969
Carapace
Width (mm)
8.0- 8.9

First Event after Collection
Molt
Spawn
Molt
Spawn
12

9.0- 9.9

7

1

10.0-10.9

5

2

1

4

11.0-11.9

1

2

1

8

1

11

12.0-12.9

4

13.0-13.9

3

14.0-14.9

1

7

6

15.0-15.9

6

16.0-16.9

3

17.0-17.9

4

18.0-18.9

1

N
Mean Size

25
9.2

13
12.3

3
11.6

50
13.8
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molt of 75 of the 78 males and females which did not spawn before
molting, occurred during May (Table 10).

However, in experiment

III, none of 32 females which spawned at the end of the winter
anecdysis molted before 2 June (Table 12).

Most of these specimens

spawned once and then molted, at least four spawned twice, and one
had spawned three times when she escaped on 2 July.

The extent of

the delay of the first molt is dependent on the time of the first
spawning and the number of premolt spawnings.
only once, molted during June.

Females which spawned

If more than one egg mass was pro

duced, molting did not occur until late June or July.

This delay

should be considered a spawning anecdysis, rather than an extension
of the winter anecdysis.
Of the four females which spawned before molting in the limb
bud study (Fig. 6), two delayed the initiation of regeneration until
shortly after spawning.

Regeneration followed the linear pattern

and the molt occurred a few days after the egg masses hatched.
Growth of the cheliped bud began before spawning in one specimen,
and was arrested at about R = 4, when the eggs were spawned; regen
eration resumed in the linear pattern several days before hatching.
The fourth female spawned twice before molting.

Regeneration did

not begin until after the second spawning, and then proceeded in
the linear pattern.
In summary, the molting season of the Neopanope population does
not begin at the same time in all segments.

Somatic and reproductive

growth processes are initiated in most crabs during April.

Small,

predominately immature specimens begin molting in late April and
early May.

Most mature females and larger males complete their

first ecdysis between the middle and end of May.

Those females
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Table 12. The molt-spawn history of 32 females which spawned at
least once before molting at the end of the 1969-1970
winter anecdysis.
Total Number
of Spawnings
1
2
1*
1
1
1
2*
1
2
2*
1

3*
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1*
1
1
1
1

Spawn Dates

14
15
16
16
16
17
18
18
18
< 20
< 20
< 20
< 20
< 20
< 20
< 20
< 20
< 20
< 20
< 20
< 20
< 20
< 20
< 20
20
20
20
21
21
22
25
28

2

Date
of Molt
6
22

June

June

5
2
7

June

8
25

June

5

June

8
7
5
9
7
10
11
12
11
11
19
15
7
12
9

June

10
9

June

May
tt
tt
tt
tt
it
it
tt
tt
tt
tt
it

,T
n
tt
tt
tt

tt
tt

,T
n
tt
tt
tt

n
tt
tt
tt

6

9

June

7
5

June

5

June

Date of Loss
or Death

it

it
tt

13 June

,T

12 June

"
20

June

2 July
tt
tt

tt
tt
tt
tt
tt
tt
tt
tt
tt
tt

11 June

25
18

tt
tt
tt
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which spawn before molting do not molt until June or, in a few
instances, July.
The transition of the population into the winter anecdysis
during the fall is considerably less complex than the initiation
of molting in the spring.

This is because spawning ends in

September, at least one month before the cessation of molting.
Consequently there is no "conflict" between reproductive and growth
cycles when the winter anecdysis begins.
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Size-Frequency Analysis
Materials and Methods
The size-frequency analysis was based on 19 collections made
from oyster trays between June 1969 and August 1970.

These samples

were called the Total Collections because I tried to collect every
crab in the trays.
The two trays were sampled alternately (at intervals of 2-8
weeks) and not disturbed between collections.

After being raised

from the water, a tray was immediately placed on a screen.
tends to be negatively geotactic when exposed to air.

Neopanope

Most of the

crabs were therefore collected by moving the tray from one screen
to another and then picking the specimen from the first.

This was

repeated several times, and then each item in the tray was removed
and carefully examined.

The entire postlarval size range and

megalopae of Neopanope were collected in this manner.
Each crab was measured and identified.
> 5.9 mm was always determined.

The sex of specimens

The sex of smaller crabs was

recorded in only some of the samples, but sufficient data were
obtained to analyze the sex ratio of crabs < 6 . 0 mm.

The state

of maturity of females was determined for the last five Total
Collections (19 May-18 August 1970) and for five samples made
between 10 September and 18 November 1970.

55
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Results
The size-frequency histograms of the Total Collections are
given in Fig. 7.

On 10 June 1969 the size distribution was

positively skewed with the left-hand limb between 3.0 and 8.0 mm.
During the next two months, the median size increased and the histo
grams became more symmetrical.
was 6.2 mm.

The smallest crab found on 6 August

On 18 August relatively large numbers of very small

crabs (1.0-1.9 mm) were present.

Histograms for samples between

mid-August and early November were either bimodal or positively
skewed.

The left-hand limb was always larger, and its modal size

increased from the 1.0-1.9 mm interval on 18 August to the 4.0-4-9
mm interval on 16 October and 4 November.

The size of the mode

stopped increasing at the same time the population entered the winter
anecdysis.

The size distribution on 30 April 1970 (just before

molting resumed) was essentially identical to that observed at the
beginning of the winter anecdysis, i.e. positively skewed with a
left-hand mode at 4.0-4.9 mm.

This indicates that little change

occurred during the winter, but the histograms for samples taken
from 26 January to 1 April show erratic trends not consistent with
an hypothesis of a constant winter size distribution.

I suspect

that decreased mobility due to low temperature may have affected
the reinvasion, especially by smaller crabs, of the oyster trays
following the late fall collections.

During May, June, and July

1970, the median size of the initially skewed distribution increased
and the histograms became more symmetrical.

Very small crabs were

found on 23 July, and specimens < 6.0 mm were numerically dominant
on 18 August.
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Fig. 7. Size frequency histograms for 19 collections of
Neopanope

from oyster trays during the period

10 June 1969 to 18 August 1970. The 1 mm class
intervals include all measurements with the same
unit figure, e.g. crabs placed in the 4 mm class
measured 4.0-4.9 mm.
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The appearance of small crabs (including the megalopa and first
crab instar) in August 1969 marked the initial recruitment of youngof-the-year to the postlarval habitat.

Recruitment continued until

the beginning of the winter anecdysis when the modal size of the
1969 yearclass was 4-5 mm.

The approximate size of the largest

young-of-the-year, estimated from the right-hand limit of a normal
curve about the mode, was 8-10 mm on 4 November.
In the late spring of 1970, the majority of the members of
the 1969 year class was represented by the left-hand limb of the
positively skewed histograms.

Most one-year-old crabs were immature

at the end of the 1969-70 winter anecdysis (Table 13).

At that

time, the right-hand tail of the histograms was composed of mature,
predominantly two-year-old specimens.

By mid-summer 1970, almost

all members of the 1969 yearclass had reached maturity.

At the

same time, representatives of the 1968 yearclass became quite rare.
The scarcity of crabs between 15 and 25 mm suggests that two-yearold crabs had disappeared, presumably due to natural mortality
rather than a cessation of growth which is indeterminate in
Neopanope. Also, I found no evidence of a migration of these large
crabs to other habitats within the estuary.
Recruitment of the 1970 yearclass was first evident in the
23 July collection.

A number of exceptionally large (10-12 mm)

immature females were found in the fall of 1970 (Table 13).

Because

all members of the 1969 yearclass had reached maturity earlier in
the summer, these large juveniles represent the maximum size attained
by young-of-the-year before their first winter anecdysis.
Large juvenile females were rare in the spring and early
summer, but common in the late summer and fall.

For example, in
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Table 13. The size distribution of immature (number in parentheses) and mature female
Neopanope in collections made during the molting season and winter anecdysis of 1970.
Carapace
Width (mm)
1.0- 1.9
2.0- 2.9
3.0- 3.9
4.0- 4.9
5.0- 5.9
6.0- 6.9
7.0- 7.9
8.0- 8.9
9.0- 9.9
10.0-10.9
11.0-11.9
12.0-12.9
13.0-13.9
14.0-14.9
15.0-15.9
16.0-16.9
17.0-17.9
18.0-18.9
19.0-19.9
20.0-20.9
21.0-21.9
22.0-22.9

19 May

( 7)
(15)
(13)
(15)
(13)
(11)
7( 1)
12
10
11
3
1
1

3 .
Jul

23 .
Jul
( 4)
( 2)

(
(
2(
10 (
12 (
9(
18 (
10
10
4
3
1
1

2)
3)
5)
7)
6)
1)
1)

K 1)
K 1)
4( 1)
11
8
10
13
3
5

Collection Date
18 Aug 10-11 Sep 15 Sep 24 Sep
(14)
( 9)
( 4)
( 9)
( 7)
2( 2)
2
4
8
1
3
5

3
1

1
2
1

*
*
*
(
(
(
(
1(
3(
K
10
8
7
1
1
1
1

5)
7)
4)
3)
5)
3)
1)

*
*
*
( 3)
( 4)
(12)
( 5)
3( 3)
2
2( 1)
3
1
1
2
2

*
*
*
( 2)
( 6)
(16)
1( 9)
( 9)
3( 8)
8( 2)
10 ( 1)
15
6
3
4
2
1

9 Oct

23 i
Oct

*
*
*
*
*
( 5)
(10)
(13)
1( 8)
1( 5)
3( 1)
3
7
3
3
2
2
1

*
*
*
*
*
*
( 3)
1( 1)
( 3)
K 3)
2
5
5
5

1

18 Nov
*
*
*
*
*
( 7)
( 9)
1(11)
6( 7)
6
12
9
10
1
2
1
2

1
1

*Small immature crabs were present in the population, but not included in the samples after
18 August. Data for 18 August and earlier are from the Total Collections.
U1
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the size interval 9.0-10.9 mm, only 2 of 70 females collected
between 19 May and 23 July 1970 were immature, but 41 of 75
females collected between 10 September and 18 November 1970 were
immature.

This suggests that maturation is inhibited in the fall.

However, it is not blocked completely because several 9-11 mm
juveniles made a pubertal ecdysis in the laboratory before the end
of the spawning season.

Thus, even those females which reach

maturity in their first growth season do not spawn until the next
year.

In both 1969 and 1970, a great majority of the young-of-the-

year had not reached maturity when their first winter anecdysis
began.
There seems to be no significant sexual differences in the size
increment of intermolt duration of juvenile Neopanope (p.126), but
the spawning anecdysis decreases the molting frequency of mature
females relative to that of mature males (p. 86, 126).
larger crabs are usually males.

Consequently,

In the Total Collections, the sex

ratio of crabs < 7.0 mm was not significantly different from unity,
females predominated among crabs 7.0-10.9 mm, and males were signif
icantly more numerous among specimens > 14.0 mm (Table 14).
Differences in the growth rates of mature males and females
are also evident in the spring and mid-summer collections (Fig. 8).
Almost identical size distributions of juvenile,
and females occurred in the spring.

one-year-old males

However, by mid-summer, when

practically all females of the previous yearclass had reached
maturity and commenced spawning, the median size of males exceeded
that of females by about 2 mm.
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Table 14. Sex ratio in relation to carapace
width of Neopanope specimens in the
Total Collections.
Carapace
Width (mm)

Males

Females

2.0- 2.9
3.0- 3.9
4.0- 4.9
5.0- 5.9
6.0- 6.9
7.0- 7.9
8.0- 8.9
9.0- 9.9
10.0-10.9
11.0-11.9
12.0-12.9
13.0-13.9
14.0-14.9
15.0-15.9
16.0-16.9
17.0-17.9
18.0-18.9
19.0-19.9
20.0-20.9

18
48
112
92
121
85
74
92
88
85
98
65
76
36
17
26
11
4
1

14
48
114
111
146
113
152
173
142
100
79
49
24
13
3
3
2

0.50
0.00
0.02
1.78
2.34
3.96*
25.33**
24.76**
12.68**
1.22
2.04
2.25
27.04**
10.80**
9.80**
18.24**
6.23*

46.2
50.0
49.6
45.3
45.3
42.9
32.7
34.7
38.3
45.9
55.4
57.0
76.0
73.5
85.0
89.7
84.6
100.0
100.0

Total

1149

1286

7.71**

47.2

Chi2

to Males

*P < 0.05, **P < 0.01
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Fig. 8. Size frequency of male (clear) and female (shaded)
Neopanope collected in the spring (10 June 1969;
30 April, 19 May 1970; lower histograms) and mid
summer (17 July, 6 August 1969; 3 July, 23 July
1970; upper histograms). The size intervals are
the same as in Fig. 7.
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II - REPRODUCTIVE BIOLOGY
Social Behavior
Materials and Methods

During the copulation seasons of 1969 and 1970 I tried to
identify individual action patterns in the sexual and agonistic
behavior of Neopanope.

The relative frequency and sequence of these

elements were examined on a qualitative basis.
agonistic encounters

Several hundred

were witnessed for specimens held in the com

munity tanks, but complete sexual sequences from initial encounter
to gonopod insertion were rarely observed.

Therefore, pairs found

copulating were often removed and after they separated, placed in
a finger bowl (diameter: 19 cm).
behavior began within 30 min.

In most instances precopulatory

Sexual behavior in the finger bowls

seemed to be no different from that observed in the community tanks.
The carapace width of each partner was recorded for 124 pairs
observed in the final copulatory position.
Results
Agonistic Behavior
Crabs in the community tanks were usually stationary, with the
walking legs extended and the chelae pulled toward the front of the
body in the "rest position" (Figs. 9 A, 10 A).

The antennules and

mouth parts were frequently moved, and occasionally a walking leg
63
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Fig. 9. Agonistic behavior of Neopanope.
A. The rest position.
B. Single chela extension (following an approach by
the crab with barnacles on its carapace).
C. Lateral Merus display.
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Fig. 10. Agonistic behavior of Neopanope.
A . Touching and pushing with extended chelipeds.
The crab on the left is in the rest position.
B. Wild fight.
C. Cheliped extension following a pinch.
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was flexed or a chela raised to the mouth parts.

When ambulatory

movements occurred, they were rarely rapid.
The most common agonistic behavior was the avoidance of a
conspecific by moving out of its path or detouring around it, with
out either crab removing its chelae from the rest position.

If

neither specimen avoided the other, the interaction became more
complex.

Physical contact, usually by the walking legs, often

resulted in single or mutual retreat.
a

If there was no retreat,

chela was sometimes extended to touch the other crab (Fig. 9 B).

Less commonly, one or both specimens gave a Lateral Merus display,
during which the chelipeds were unflexed in a near horizontal plane
with the chela tips held laterally (Fig. 9 C).

This display has

been recognized in all brachyurans which have visual displays
(Wright, 1968a).

Its intensity seemed to be reflected in the degree

to which the chelae were separated.

During or following a Lateral

Merus, the crabs sometimes tried to push each other with their
extended chelipeds (Fig. 10 A).
Rapid movements during agonistic encounters were rare.

Lunges,

rapid escapes, cheliped strikes, and wild fights in which the com
batants grabbed and pinched one another (Figs. 10 B, C) were most
frequent among large males of approximately equal size.

Fights

typically lasted just a few seconds and never resulted in physical
damage or autotomy.
There was no stereotyped sequence of these behavioral elements.
I observed cheliped strikes after a lunge with or without a Lateral
Merus display, after pereiopod contact, after a stationary Lateral
Merus, and even from the rest position.
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Relative size was a major factor determining the outcome of
agonistic encounters.

Even between crabs of similar size, ritualized

behavior patterns, especially the Lateral Merus display, almost
always precluded cheliped strikes and wild fights.
Sexual Behavior
The sexual behavior of Neopanope can be divided into four
stages.

Pre-Grab behavior includes the initial approach and pairing

at the end of which the male always grabs the female with his chelae.
Phase I of_ positioning lasts from the ’’Grab" until the pair achieves
the proper orientation for copulation.

At the end of Phase I the

male releases his chela hold and during Phase II of positioning
the abdomens are unflexed and the gonopods inserted in the vulvae.
Copulation, during which pereiopod and abdominal movements usually
do not occur, lasts from gonopod insertion until the pair separates.
Copulation was observed only between crabs in the hard stages of the
molt cycle.
Pre-Grab behavior was variable and closely resembled advanced
agonistic interactions.

The initial approach was made by either

sex, but typically, the "Grab1’ was immediately preceded by a male
lunging, with laterally spread chelae, towards a retreating female.
Such behavior in nonreproductive encounters was rare and often
followed by a wild fight.
The aggressive nature of the male during sexual behavior may
explain why they were invariably larger than their mates (Fig. 11).
The carapace width of the female was greater than that of the male
in only 3 of 124 pairs observed in the final copulatory position,
and in those instances the difference was < 0.3 mm.

Because of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

68

Fig. 11. Relative carapace widths of male and female Neopanope
found in the final copulatory position.
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the sexual dimorphism of the chelae (p.109), the total size of the
male may have been greater in all pairs.

Although females rarely

copulate with males smaller in width than themselves, large males
(22.7 mm) are able to copulate with relatively small females (9.4
mm).

The average carapace width of the female of pairs found in

copulo was 75% of the male.
Pairs usually remained motionless for an instant after the
Grab.

Receptive females almost always held their chelae close to

the body (Fig. 12).

While holding the female with his chelae, the

male then began synchronously twitching all of his pereiopods in
rapid series of from 3 to 16 jerks followed by several seconds of
no motion (except for the antennules and mouthparts) and then another
series of jerks.

During the first series, the female usually began

twitching her pereiopods in the same temporal pattern as the male.
These periodic movements continued through both phases of position
ing and ceased at gonopod insertion.

Usually from six to ten

series occurred each minute.
The character and sequence of behavioral elements immediately
after the Grab may be important in species, sexual, and mate discrim
ination.

I found no evidence that a sexual pheromone stimulates

precopulatory behavior.

Males and females did not show any obvious

changes in behavior when placed together or separately in seawater
which had previously contained a crab of either sex or a copulating
pair.

Neopanope does not possess the stridulation ridges seen on

other xanthids; and sounds, other than those associated with normal
movements, were never detected by my unaided ears.

Pre-Grab behavior

does not include motor patterns unique to sexual encounters.

How

ever, the four-act sequence - (1) Grab by male, (2) female
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Fig. 12. Sexual behavior of Neopanope.
A. Male holding passive female immediately after
the Grab.
B. Male and passive female between pereiopod jerks.
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passiveness and cessation of male aggression, (3) initiation of
periodic movements by male, (4) initiation of periodic movements
by female - is always present and seen only during post-Grab
sexual behavior.

The sequence frequently breaks down before the

fourth element, but if the female begins jerking her pereiopods,
copulation is virtually certain unless the pair is interrupted.
Observations during encounters in which the four-act sequence
was never completed supported the hypothesis that receptivity is
not determined until after the Grab.

When males grabbed unreceptive

females, the latter struggled and were usually released immediately.
Occasionally a male began jerking while holding a struggling female.
If she became passive, copulation followed, but if she continued
to struggle through the first few series of periodic movements,
she was released.

Sometimes males grabbed females and continued

unritualized aggression even though the female remained passive
for a few seconds before they tried to escape.

Three times I

observed a male begin periodic movements after grabbing another
male.

In each instance the grabbed male was initially passive,

but struggled after the other male began pereiopod jerks.

The

dramatic difference in the passive response of a receptive female
and the aggressive response of unreceptive females and other males
can be appreciated by comparing Figs. 10 C and 12.
The sexual behavior of another xanthid, Eurypanopeus depressus
also includes the initiation of periodic movements after the female
is grabbed.

Although copulation in E. depressus was seen only once,

the interval between and duration of the pereiopod jerk series seemed
considerably shorter than in Neopanope.
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During Phase I of positioning the male held the female with
one or both of his chelae (Fig. 13 A).

At each pereiopod jerk her

body was moved toward or away from his in almost random directions
and sometimes passed from one chelae to the other.

Eventually the

female was placed beneath and facing her mate with their abdomens
opposed.

Phase I ended when the female's pereiopods were moved

close to her body, and the male released the chela grip and extended
his chelae around the lateral edge of the females’ carapace (Fig.
13 B).
The only stimulus necessary for the male to release his chela
grip seemed to be the physical presence of the female beneath him.
A few times males maneuvered females under them and with their
abdomens opposed, but facing in the opposite direction.

The male

then released his hold, but eventually the periodic movements
resulted in the disjunction of the inverted pair and the male grabbed
the female again.

Once when I introduced a female into a bowl she

landed on her carapace and a male approached and pounced upon her,
landing exactly in the position at the end of Phase I.

He initiated

periodic movements, she responded appropriately, and they proceeded
to copulate"without going through Phase I.

In other instances

Phase I lasted almost an hour, during which the pairs came close to
and then lost the proper orientation.

Often a male gripped the

female with both chelae so that it was physically impossible to
attain the proper orientation (Fig. 13 A), and maintained the hold
through many series of pereiopod jerks.
During Phase II of positioning (sometimes at the end of Phase
I), the female extended her abdomen and began flapping it against
the posterior margin of the male's body (Fig. 14 A).

Abdominal
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Fig. 13. Sexual behavior of Neopanope.
A. Male holding female after both have begun
periodic movements.
B. The end of Phase I of positioning, just before
the male releases his chela hold.
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Fig. 14. Sexual behavior of Neopanope.
A. Abdominal flapping just before insertion.
B. Final copulatory position.
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flapping was usually synchronized with the periodic movements and
in some instances seemed to initiate them.

After it began, the

male slightly unflexed his abdomen so that the gonopods could enter
the vulvae.

Flapping continued until the completion of insertion,

which was sometimes recognized as the male pressed closer to the
female.

After insertion, the triangular male telson seemed to

rest against the two gonopods, but in other brachyurans, e.g.
Callinectes sapidus, the gonopods extend around the narrow sixth
abdominal segment.
During the last movements which accomplished insertion, the
pairs assumed a final copulatory position in which the male’s walk
ing legs were tucked closely around the female's body and bent in
a nutcracker-like fashion at the carpus (Fig. 14 B).
pairs remained in this position throughout copulation.

If undisturbed,
Eventually,

the gonopods were withdrawn during a short struggle and the pair
separated.

Sometimes they remained in the Phase II position,

resumed periodic movements, and recopulated.
On several occasions ovigerous females were found in the final
copulatory position (Fig. 15 A).
very compact.

The egg mass of Neopanope is not

When ovigerous crabs copulated the male’s abdomen

was wedged between the grape-like clusters of eggs attached to the
female’s pleopods. Precopulatory behavior in such crabs was identical
to that of nonovigerous females, although abdominal flapping was
somewhat hindered.
When disturbed during any stage of post-Grab behavior, males
tried to escape with their mates (Fig. 15 B), but, if necessary,
they threatened other crabs with Lateral Merus displays and even
engaged in wild fights.

Unless dislodged or released, the female
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Fig. 15. Sexual behavior of Neopanope.
A. Male and ovigerous female in the final
copulatory position.
B. Male carrying female while in copulo after
being disturbed.
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partner remained passive.
disturbances.

Periodic movements usually ceased during

Although there were a few instances in which males

seemed to be fighting for possession of a receptive female, pairs
were usually not disturbed during copulation in community tanks.
Chela morphology had little or no influence on sexual behavior.
Males which had autotomized their major or minor cheliped, or
which possessed two minor chelipeds were able to copulate successfully.
Females missing both chelipeds were still able to copulate.
The duration of each of the stages of sexual behavior was
highly variable (Table 15).

Pre-Grab behavior usually lasted just

a few minutes after the initial approach.

The duration of Phase I

of positioning was most variable, probably because of the chance
involved in attaining the Phase II orientation. Phase II lasted
between 2 and 20 min, and was almost always shorter than Phase I.
The duration of copulation ranged from 22 min to over 4 hours.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

R
e
p
ro
d
u
c
e
dw
ith p
e
rm
is
s
io
no
f th
ec
o
p
y
rig
h
to
w
n
e
r. F
u
rth
e
r re
p
ro
d
u
c
tio
np
ro
h
ib
ite
dw
ith
o
u
tp
e
rm
is
s
io
n
.

Table 15. Duration of copulation stages in Neopanope. The time (minutes: seconds) from the introduction of the pair
into the observation chamber (figure on left) and from the previous event (figure in parentheses) are
given in each vertical column.
Event

Pair Number
I

III

II

IV

IV

First physical contact

0:40

2 :20

0:30

10 :15

Male grabbed female; initiation
of periodic movements and
positioning Phase I

0 :50( 0:10)

3 :20( 1:00)

0 :32( 0:02)

10 :15( 0:00)

Male released chela hold; end
of Phase I

50:10(49 :20)

30 :15(26:55)

32 :00(31:28)

Gonopod insertion; end of
periodic movements and Phase II

56 :00( 5 :50)

32 :30( 2:15)

50:00(18:00)

Pair decopulated

124

(68

)

54

(22

) 118

(68

)

V
5 :10

2
16:10(11:00)

26:35(16:20) 166

34 :15( 7:40)
66

(32

)

81:05(15:05)
no data

26:30(10:20)
3273: (247

^Pair decopulated, remained in Phase II position, resumed periodic movemenus, and recopulated.
2

Male grabbed the female with his walking legs exactly in the Phase II position.

^Continuous observation was stopped after two hours. The pair was found in the final copulatory position at
approximately half hour intervals until the last observation, when decopulation was witnessed.

)

Copulation
Anatomy and Physiology
The major organs of the male reproductive system are the testes,
vasa deferentia, penes, and pleopods.

The testes are convoluted,

white tubes which lie above the hepatopancreas along the antero
lateral border of the carapace.

The vasa deferentia

originate at the median ends of the testes and extend posteriorly
along each side of the digestive tract.

Their anterior and median

portions are white, convoluted, and more bulbous than the gonads.
Posteriorly, the vasa deferentia become slender, straight, trans
parent tubes leading into the penes which exit the body through
openings on the ventral surface of the coxopodite of the fifth
pereiopods.

The tips of the penes rest against the grooved base

of the first abdominal pleopods (gonopods).

The distal portion of

each gonopod is an elongate, hollow spine which has a structure
species-specific within the Xanthidae (see illustrations in Williams,
1965 and Guinot, 1967).

The second pleopods are similar in structure

to the first, but their spines are much shorter and fit into the
grooved portion of the gonopods.
The nonmotile spermatozoa leave the testis as individual cells
and are aggregated and encapsulated within the anterior vasa deferentia.
The resultant spermatophores are delicate, transparent spheres
(diameter: ~ 0 . 2 mm) containing several hundred gametes.

Thousands

of spermatophores are stored between copulations in the fluid contents
79
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of the median vasa deferentia.

The posterior vasa deferentia

contain a transparent, jelly-like material and no spermatophores.or
spermatozoa.
Each ovary of the female has two lobes: one extending ante
riorly above the hepatopancreas and the other posteriorly along
one side of the digestive tract.
cardiac region.

The pair is connected in the sub

Just prior to spawning they contain a large number

of dark green eggs and nearly fill the body cavity, but after
ovulation the ovaries contain small, white ova and are inconspicuous.

A short oviduct connects each ovary to the nipple-like dorsal tip
of one of the spherical spermathecae (seminal receptacles) located
beneath the posterior lobes of the gonads.

The upper portion of

each spermatheca is glandular and capable of considerable distention,
but the ventral base is lined with chitin.

The vagina (also lined

with chitin) leads from the seminal receptacle to the external
opening (vulva) of the system.

One side of the vaginal wall is

invaginated, and the vagina of Neopanope is therefore of the phylogenetically advanced, concave type (Hartnoll, 1968a).

During

spawning the eggs pass through the genital ducts and attach to the
fine setae on the endopodites of the pleopods of the second through
fifth abdominal segments.
The gonopods are inserted through the vulvae and into the
vaginas during copulation.

Peristaltic contractions of the vasa

deferentia pass their contents through the penes and into the base
of the gonopods.

The spermatophores and secretions of the vasa

deferentia are then pumped by a "piston-like" action of the second
pleopods through the distal spine of the gonopod into the spermathecae
(Knudsen, 1960b; Ryan, 1967a; Hartnoll, 1969).
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Mature females frequently contained spermathecae swollen with
a translucent, jelly-like ball surrounded in the ventral half of
the seminal receptacle by an opaque, wax-like clump of individual
spermatozoa.

The gelatinous substance sometimes extended into the

vagina and out the vulva. The physical similarity of this material
to the contents of the posterior vasa deferentia suggested that it
is a male sexual product passed to the female during copulation.
When copulating pairs were interrupted, the gonopods sometimes
contained this substance.

If the pairs were allowed to copulate

without interruption, the females always contained gelatinous balls,
which could sometimes be teased into a continuous strand.

The

gelatinous material was never found in soft females, nor was it
present in any of 24 females held in the absence of males for 12
days after molting, but it was present in 13 of 20 females held with
males for 12 days after ecdysis. Females which copulated with males
whose right gonopod was severed, contained swollen left spermathecae
and collapsed right spermathecae.
The gelatinous material is apparently extruded from the seminal
receptacle through the vagina sometime between copulation and the
initiation of spawning.

It was never found in crabs immediately

after spawning nor in some females dissected just before they
spawned (as indicated by the presence of ovarian eggs in advanced
stages of vitellogenesis and by the lapse of time from the previous
ecdysis.

See Fig. 17 ).

Occasionally I found exceptionally large

spermathecae containing a more fluid gelatinous material, which
often protruded from the vulvae.

In the spring of 1971 I isolated

a number of mature females with no external evidence of any form of
gelatinous material.

Several of these crabs later extruded the
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more fluid substance, and when dissected after the material was no
longer present at the vulvae, the spermathecae were empty, except
for the sperm clump.
The presence of the gelatinous material at the vulvae or in the
seminal receptacles is therefore an unequivocal criterion that the
specimen has copulated since the previous ecdysis or spawning.
In several instances the presence of two gelatinous balls in
each spermatheca indicated two recent copulations.

In the absence

of the gelatinous substance, the presence of a sperm clump can be
used as a criterion of a postmolt copulation because there is
no trans-molt retention of spermatozoa in Neopanope (p. 83).
Frequency of Copulation
Materials and Methods
From 3 April to 8 May 1969, I transferred 30 copulating pairs
from a community tank to a separate wet table, where the subsequent
mating activity of individual specimens was monitored.

A water

pump failure forced the termination of the experiment on 1 June.
The tank was examined several times daily and only pairs in the
final copulatory position were recorded.
when they molted or spawned.

Crabs were preserved

Therefore, the data concern copulatory

activity within a single ovulation or molt cycle, in this instance,
the winter anecdysis.
Results
Sixty-one copulations were witnessed between the 60 specimens.
Approximately half of the crabs of each sex were found copulating
more than once, and for some individuals, seven or eight matings
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were recorded (Table 16).

Since the tank was not observed contin

uously nor through the entire winter anecdysis, it seems probable
that most mature crabs mate several times before they molt or
spawn in the spring.

This may not be true for the smaller mature

females which do not spawn before molting.
There was no evidence that a permanent social bond forms
between mating partners.

Only 3 of the 31 secondary copulations

involved the original pair.

Sperm Retention by Females

I found no evidence of trans-molt retention of spermatozoa
by females.

Specimens which molted and later spawned in community

tanks containing males always produced fertile egg masses.

During

July 1969, 23 mature females were isolated from the time they
molted until they spawned.

In each instance the eggs were infertile

and the egg mass disintegrated within five days.

During the spawn

ing season of 1970, I dissected 13 soft mature females and their
exuvia.

Spermatozoa were never found in the spermathecae of the

soft crabs, but were always present within the remnants of the
exuvial spermathecae.

Some of the exuvia contained a relatively

large number of spermatozoa, but in others the supply seemed near
exhaustion.
There is trans-spawn retention of spermatozoa, but not always
in sufficient numbers to fertilize the next egg mass.

In the summer

of 1970, nine females were sacrificed within 24 hr of spawning in
a tank containing males.

I found spermatozoa, but no gelatinous

material, in the spermathecae of eight of these specimens.
seminal receptacles of the other female were empty.

The

I then
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Table 16. The frequency of copulation by
individual Neopanope in the spring
before the end of the winter anecdysis.
Number of
Recorded Copulations

Number of
Individuals
Male

Female

1

15

13

2

10

9

4

2

2

5

2

Per Individual

3

5

6
7
8

1
1
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isolated 40 ovigerous females from males.

After the zoeae

hatched, ten of the crabs spawned again, but only eight of the
second egg masses were fertile. Two of the ten females spawned
twice after isolation, and all of their eggs were fertilized.
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Spawning

Temporal Relationships between Molting,
Spawning, and Hatching

MateriaIs and Methods
During the spawning seasons of 1969 and 1970, I studied
temporal relationships between reproductive and somatic growth
cycles in mature females.

Crabs were marked individually, held in

wet tables (sometimes without males), and examined daily for spawn
ing, hatching, or molting.

Molt-spawn, spawn-hatch (brooding time),

hatch-spawn, and hatch-molt intervals; duration of molt cycles in
which no spawning occurred; and the number of intermolt spawnings
were recorded.

Unless otherwise indicated, data were collected in

the middle (late June - early September) of the spawning season when
reproductive activities were not affected by the winter anecdysis.
To minimize the effects of captivity, crabs were normally not held
through more than one molt cycle.

Results
Mature females spawned fertile eggs 10-16 days (x = 12.5)
after ecdysis; embryonic development required about 10 days, the
mean hatch-spawn interval was 2.9 days; and the average duration
from the hatching of the last egg mass to ecdysis was 5.3 days
(Table 17).

By summing these values, the average duration of a
86
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Table 17. Temporal relationships between molting, spawning, and hatching in mature Neopanope
females, A11 data were collected in late June, July, and August 1969 when ambient
temperature varied between 24 and 29 C.
Duration (days)
Molt to Spawn
Fertile
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Infertile

Time Period and Egg Fertility
Spawn to Hatch
Hatch to
(Brooding Time)
Second Spawn
Fertile Infertile
1
5
6
3
1

1
4
3
1
1
1

1
1
3

1
1
1

1
19
8
14
1
1

5
2
5
4
2

Hatch to
Molt

Intermolt
(No Spawn)

1
4
6
22
20
6
5
8
5
1

1
1
2
3

1

2
1
1
1

Mean Duration

12.5

14.8

10.0

Number of Females

11

23

44

2.9
16

3.0
3

5.3
79

14.9
12
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molt interval which includes one spawning was estimated at 27.8
days, and additional spawnings lengthened the molt cycle by about
12.9 days each.

Even during the middle of the reproductive season,

mature females did not always spawn between consecutive molts.
such instances the mean intermolt interval was 14.9 days.

In

Thus,

the anecdysis due to a single spawning nearly doubles the length of
the "normal” molt cycle.
Variations in brooding time showed a good correlation with
ambient temperature (Table 18).

Temperature probably affects the

duration of all events in growth and reproductive cycles. With
the exception of the first couple of weeks, the reproductive season
of Neopanope occurred within a relatively narrow ambient temperature
range (24-30 C), for which the data of Table 17 are representative.
Thus, the mean values from that table can be used to make estimates
such as the maximum number of spawnings possible each year for one
female.
Among a group of 46 females which molted in the laboratory,
12 (24%) molted again without spawning and 34 spawned at least
once.

Although eggs spawned in the absence of males were never

fertile, the presence of males had no significant influence on the
proportion of females which did not spawn between molts (Table 19).
Thus, the prevention of copulation and consequent

absence of the

gelatinous substance and spermatozoa in the spermathecae do not
block vitellogenesis and other preparations for spawning.

However,

the molt-spawn interval of females held without males (14.8 days)
was significantly greater than that of females held with males
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Table 18. The relationship between ambient temperature and brooding time of Neopanope.
Specimen Group
I
Time Period'1’
Temperature (°C)
Range
Mean

14 May6 June 1970
18.4-25.3
21.8

II
16 June29 June 1969
24.1-27.2
25.1

III
28 June14 July 1969

IV
9 July4 August 1970

25.5-28.8
27.2

25.3-29.3
26.7

1
5
2

8
24

Brooding Time (days)
8
9
10
11
12
13
14
15
16
17
Mean Brooding Time
Number of Females

2
7

1
1
3
3
2
15.9
8

11.0

9.4

9.8

10

9

32

‘''From first spawning to last hatching for whole group.

00

<£>

90

Table 19. Effect of the presence of males on the post-molt spawning
history of Neopanope females.
Postmolt History

Spawned at least once

Males

Carapace Width (mm)

Present

Absent

Mean

Range

11

23

16.9

13.3-20.7

Molted without spawning

3

9

15.9

11.2-21.5

to of egg masses fertile

100

0

The hypothesis that the presence of males has no influence on the
proportion of females which spawned after molting cannot be
rejected, Chi2 = 0.24, P > 0.75.
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(12.5 days) (t = 2.915, P < 0.01) (Table 17), indicating that the
former were able to delay spawning for a short period.
The failure of some mature females to spawn at the end of the
winter anecdysis was correlated with their relatively small size
(p. 5 0 )•

However, in the summer investigations there was no signifi

cant difference in the size of crabs which did or did not spawn
between molts (t = 1.453, P > 10%) (Table 18).
The "failure” to spawn was not characteristic of individual
crabs nor was it permanent.

For example, one specimen spawned in

one intermolt period, failed to spawn in the next, but did spawn
in the third.
The number of intermolt spawnings varied between 0 and 5.

As

already noted, 24% of the females did not spawn between successive
molts.

When spawning occurred, usually only one or two egg masses

were produced.

The molt-spawn history was recorded for 125 females

which were ovigerous when collected from the field or which spawned
in the laboratory:

95 molted after the initial egg mass hatched,

23 spawned once more and then molted, 3 spawned a total of 3 times,
3 spawned 4 times, and 1 spawned 5 times before molting.

After

correcting for the unknown spawning history prior to collection,
these data yield an average of 1.42 spawnings per molt cycle.

After

a further correction for the intermolt cycles in which no spawning
occurred, an estimate of 1.08 spawnings per molt cycle is made for
all mature females during the middle of the reproductive season.
This estimate does not seem to have been greatly biased by the
effects of captivity on intermolt spawning frequency.

The usual

presence of large soft specimens in collections throughout the
reproductive season proves that the spawning anecdysis of mature
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females does not last the entire summer.

Also, since most ovigerous

specimens molt rather than spawn shortly after they are collected,
proecdysis must have been initiated before capture and could not be
a laboratory artifact.
The Spawning Anecdysis and the Initiation of Proecdysis
Materials and Methods
Growth during the spawning anecdysis was studied by monitoring
limb bud development.

During July 1970, 32 females were held in a

community tank until they spawned.

They were then autotomized (right

cheliped), marked individually, and placed in a separate tank with
several mature males.

Each crab was examined daily for molt-spawn-

hatch activity, and its cheliped bud was measured if one of these
events had occurred.

Otherwise, the buds were measured every second

day.
Results
Twenty of the 32 females molted after their eggs hatched, but
12 spawned at least once more before ecdysis.

The regeneration

pattern of each crab in the former group was linear and typical
of specimens not engaged in spawning cycles (Fig. 16 A).

Buds

were evident 4-6 days after autotomy, and on the day the eggs
hatched, advanced buds (x R

(right cheliped) = 13.5, range = 8-21)

were present and growing rapidly.

Conversely, among the 12 crabs

which spawned again, the initiation of regeneration was slightly
delayed and the size of the buds on the day of hatching of the first
egg mass was substantially smaller (x R = 5.1, range = 0-9).

Thus

a significant difference in the rate of bud growth was evident within
a few days of autotomy and spawning.
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Fig. 16. The growth of the right cheliped bud of females
autotomized on the day they spawned. A. The
regeneration pattern of 3 of 20 crabs which
molted after the first egg mass hatched.
B-F. Representative growth patterns of 12 females
which spawned more than once before ecdysis. In
C, D, and F the bud was damaged and lost during
regeneration.
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Regeneration in females which did spawn again, did not follow
the linear pattern.

Rather, growth slowed or ceased at R = 3 to

13, between 7 and 12 days after autotomy (Fig. 16 B-D).

The dura

tion of this growth plateau was dependent on the number of spawnings
prior to ecdysis.

In all specimens, except those that died before

molting, proecdysial growth was in progress at the time the last
egg mass hatched, and probably had begun shortly after the last
spawning.

Clearly, the presence of the egg mass did not block or

inhibit proecdysis.
Vitellogenesis
Materials and Methods
The initiation of vitellogenesis (yolk deposition in ovarian
eggs) is as important an event in the reproductive cycle as is the
initiation of proecdysis in the molt cycle.

Unfortunately, yolk

deposition cannot be monitored in individual crabs because the
examination of the ovaries necessitates a lethal dissection.

To

document vitellogenesis, I therefore sacrificed a number of specimens
(1-17) at various times (0-12 days) after ecdysis, spawning, or
hatching of external eggs.

These females were marked individually

and held in community tanks with males.
Egg diameter increases substantially during yolk deposition
(from 0.05 to 0.32 mm), and is a more objective criterion of the
relative stage of vitellogenesis than the color scheme employed in
an earlier investigation (p. 36).

Eggs from a single female were

always in the same stage of vitellogenesis and therefore approximately
the same size.

To obtain a size range which included the mean egg
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diameter, I examined a sample of each ovary and measured one egg
smaller than most and one egg larger than most.

Deformed or damaged

eggs were ignored.
Results
The diameter of eggs contained in soft crabs varied consider
ably (0.05 - 0.2 mm), but large, mature, dark green ova were never
found (Fig. 17).

There was little difference in the size distribu

tion of eggs from females sacrificed during the first six days
after ecdysis, but on the ninth day the specimens contained larger
eggs, in most instances > 0.25 mm.

The presence of swollen spermathecae

showed that most of the crabs copulated between the third and ninth
days.

Spawning began on the 11th day.

The ovaries of one female

sacrificed 12 days after ecdysis contained very small (~0.07 mm),
white eggs, indicating that she might molt again without spawning.
The ovarian eggs of specimens dissected shortly after they
spawned were always small (0.05 - 0.13 mm) and devoid of yolk
(Fig. 17).

During the brooding period there was little change in

the ovaries of most of the females, but several initiated yolk
deposition.

This trend continued in the post-hatch series and

culminated in ecdysis among females whose ovaries had not developed,
and spawning among crabs which underwent a second vitellogenesis.
The presence of eggs of intermediate size in some specimens
immediately before and after ecdysis shows that yolk deposition
was not completely blocked when a female molted before the next
spawning.

However, females in proecdysis never contained eggs in

the advanced stages of vitellogenesis.
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Fig. 17. Stages of vitellogenesis, as indicated by ovarian
egg diameter, in females sacrificed at various
times from molting, spawning, or hatching.
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In the post-spawn and post-hatch series, swollen spermathecae
were nearly restricted to females which seemed to be undergoing
preparations for a second spawning before ecdysis (Fig. 17).

This

suggests that sexual behavior is integrated, perhaps hormonally,
with the molting and spawning cycles.

Such an integration would be

adaptive in Neopanope because there is no trans-molt retention of
spermatozoa.
The high frequency of swollen spermathecae among specimens
with developing ovaries in the post-spawn and post-hatch series
indicates that copulation normally occurs between successive spawn
ings .

This is adaptive because there is not always sufficient trans-

molt retention of spermatozoa to fertilize a second egg mass.

Fecundity
Materials and Methods
The fecundity of 22 ovigerous females (size range: 6.4-19.0 mm)
was determined by counting all of the eggs carried by the two smallest
crabs, and by weighing and counting a sample of about 600 eggs from
each of the larger specimens.

In the latter instance, fecundity was

estimated by multiplying the number of eggs/gm of external egg mass
by the total weight of the mass (after a 3% correction for pleopod
weight).
Results
The fecundity of 22 females between 6.4 and 19.0 mm wide
ranged from 686 to an estimated 14,735 eggs (Fig. 18).

The logarthmic

relationship between fecundity and size is described by the equation:
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Fig. 18. Carapace width - fecundity relationship for
Neopanope. The regression is described by
equation (1).
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Log number of eggs = 0.6734 + 2.7458 log carapace width

(1)

r = 0.957
The size range of the sample did not cover the entire range of
mature females (5.8 to approximately 25 mm).

If extrapolation of

equation (1) is valid, fecundity over the total size range varies
from 588 to about 32,500.

The latter figure has little meaning

because of the extreme rarity of females > 20 mm.

In the Total

Collections 93% of the ovigerous females were < 14.0 mm and their
fecundity was < 7000 eggs.
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Sexual Dimorphism and Maturity
Materials and Methods
Seventy-five crabs of each sex were selected from field collec
tions made during 1968 and 1969.

Selections were made so that speci

mens were equally distributed over the size range of the species,
but the rarity of large females made it impossible to obtain a
perfect distribution.

The size range in the sample for males was

2.7-24.9 mm, and for females, 2.3-22.7 mm.
The following measurements were made for each specimen:

carapace

width, between the tips of the fifth anterolateral spines; carapace
length, between the frontal notch and the posterior margin of the
carapace; interorbital width, between the tips of the first antero
lateral spines; distance between the tip of the right fifth antero
lateral spine and the frontal notch; maximum length of the meropodite
of the right second pereiopod; the maximum length and height of the
propodite of each cheliped; and the maximum width of the sixth abdom
inal segment.

These data were used to investigate sexual differences

in relative growth.
Attempts to establish criteria of sexual maturity were based
on a number of special collections, dissections, and observations
of pubertal molts.

100
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Results
Sexual Differences in Relative Growth
There was a linear relationship between carapace width and
both carapace length and the fifth spine-frontal notch distance,
over the total size range of the specimens (Fig. 19).

Analyses of

covariance showed no significant sexual differences, and in the
calculation of the following equations the data from both sexes
were combined:

Carapace length = 0.47 + 0.726 carapace width

(2)

r = 0.999
5th spine-frontal notch distance = 0.19 + 0.609 carapace width

(3)

r = 0.999
Because these equations are of the form y = a + bx, the ratios of
the measurements are not constant, and the growth of the carapace
is therefore allometric.

Allometry was particularly evident in the

relationship between interorbital width and carapace width (Fig. 20).
No sexual differences were apparent in that regression, although a
covariance analysis was not made because the data could not be
perfectly rectified by logarithmic transformation.

The changes in

the shape of the carapace are not related to puberty.

This is

inherent in the arithmetically linear regressions described by
equations 2 and 3.

The interorbital width-carapace width ratios of

the smallest mature (5.8 mm) and largest immature (12.6 mm) specimens
were no different from those of other crabs of the same sizes.
As in the majority of brachyurans, the most obvious sexual
difference in the morphometry of Neopanope lies in the relative
width of the abdomen.

The abdomen of females was recognizably
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Fig. 19. Carapace length and the distance from the right
fifth anterolateral spine to the frontal notch,
plotted against carapace width for Neopanope.
These regressions are described by equations (2)
and (3).
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Fig. 20. Interorbital width plotted against carapace width
for Neopanope.
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wider than that of males in specimens > 4.0 mm (Fig. 21), although
sexual differentiation of the pleopods was evident in even smaller
crabs (2-3 mm).

The growth of the abdomen was not linear in either

sex until after sexual maturity was reached.

The regression of

sixth abdominal width on carapace width for crabs > 1 0 . 0 mm, all of
which were mature, is described by the following equations:
Males > 10.0 mm
Width of 6th abd. seg. = 0 . 5 3 + 0.106 carapace width

(4)

r = 0.968
Females > 10.0 mm
Width of 6th abd. seg. = -0.56 + 0.363 carapace width

(5)

r = 0.970
The post-pubertal growth of the abdomen was positively allometric
in males and negatively allometric in females.
The growth of the meropodite of the right second pereiopod
relative to that of the carapace cannot be described by a single
linear equation for the total size range of the specimens.

Sexual

differences become apparent at about 10 mm, i.e., after maturity.
This meropodite tends to be longer in adult males than in adult
females, as shown in the scatter diagram (Fig. 22).

It

ispossible

to describe this regression with a linear equation for crabs > 10
mm, and analysis of covariance confirmed significant sexual differences.
The equations are:
Males > 10 mm
Length of meropodite of right 2nd pereiopod = 0 . 6 9 + 0.265
carapace width

(6)

r = 0.982
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Fig. 21. Width of the sixth abdominal segment plotted
against carapace width for Neopanope. Ihis
regression for crabs > 10.0 mm is given by
equations (4) and (5).
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Fig. 22. Length of the propodite of the major chela and the
length of the meropodite of the right second
pereiopod plotted against carapace width for
Neopanope. The latter regression is described
by equations (6) for males and (7) for females.
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Females > 10 mm
Length of meropodite of right 2nd pereiopod =0.68 + 0.239
carapace width

(7)

r = 0.975
The chelae of brachyurans are typically dimorphic.

The

dimorphism is seldom as obvious as in male fiddlercrabs (Uca sp.),
but it is present in most species.

The two morphological types of

chelae are not usually the same size on an individual crab.

The

term major chela refers to the type which is typically larger,
and the term minor chela refers to the type which is typically
smaller.

These terms have nothing to do with the functional signifi

cance of the claws. Under certain circumstances, the larger chela
of Neopanope may have the minor morphology.

Thus, in individual

crabs the assignment of a chela to one of the two types must be
based on morphological structure, not relative size.
In the Xanthidae there are often qualitative differences
between the major and minor chela.

For example, the minor chela

of Eurypanopeus depressus is spooned; the major chela of Panopeus
herbstii has a large basal tooth on the dactyl.

Unfortunately,

there are no obvious qualitative differences between the chelae
of Neopanope. However, the morphological type which, if present,
is always larger than the other chela has a much higher height/
length ratio of the propodite.

The relatively greater thickness

and larger size of the major chela can be seen in Fig. 9.

In addi

tion to these differences in relative size, the teeth of the major
chela are rather blunt, while those of the minor chela are sharp
and form a narrow ridge.
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The morphology of the chelae was noted for 1601 specimens from
the Total Collection series.

The right chela was larger and major,

and the left smaller and minor in 79.9% of the specimens; 12.6% were
left handed.

The structure of the two chela types was the same

regardless of whether the animal was right or left handed.

Both

chelae possessed the minor morphology in 3.4% of the crabs, and one
or both chelipeds were missing in 4.0%.

No specimen had two major

claws . There were no substantial sexual differences in these per
centages, e.g. 78.1% of the females and 81.9% of the males were
right handed.
When a crab molted after dual cheliped autotomy, both of the
regenerated chelae had the minor morphology and were approximately
the same size (the chela which was previously major tended to be
slightly larger).

This was also true for Eurypanopeus depressus,

which regenerates two spooned chelae.

Regenerated chelae were

smaller than the normal minor claw of a crab of the same carapace
width.

After the next molt the claw was of the appropriate size,

but the minor morphology was retained.

In the laboratory, the minor

morphology of a chela that was major before autotomy was maintained
through as many as six molts in each of 36 specimens.

The original

minor chela, regardless of whether or not it was also autotomized,
did not develop the major morphology.

The similarity in the percent

of crabs which were collected with two minor chela (3.4%) and with
one or both chelipeds missing (4%) indicates that the failure of
experimental crabs to develop major claws after several molts, was
a laboratory artifact.

However, the initial regeneration of two

minor claws is a natural phenomenon, and has been reported in another
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xanthid, Menlppe mercenarla

(Powell and Gunter, 1968).

It

seems unlikely that the presence of two minor claws is a hereditary
alternative to the normal major-minor combination.
Crabs with two minor chelae were excluded from the 150 speci
mens used in the study of relative growth.

In Fig. 22 the length

of the propodite of the major chela, regardless of whether it was
left or right, is plotted against carapace width.

The regression

is curvilinear, and the data were not perfectly rectified by
logarithmic transformation.

Although a covariance analysis was

not made, I believe the scatter diagram (Fig. 22) shows that the
propodite length of the major claw of males tends to be longer
than that of females among specimens > 10.0 mm.

At a carapace

width of 20 mm, the major chelar propodite is about 2 mm longer in
males than in females.

The relationship between the height and

length of the major chelar propodite is also slightly nonlinear in
both arithmetic (Fig. 23) and logarithmic graphs.

However, there

is very little sexual difference in the regressions indicating the
shape of the major chela is the same despite the sexual difference
in relative propodite length.

The same conclusions seem to be

valid for sexual differences in the relative growth of the minor
chela.
Sexual Maturity of Females
There are three major differences in the external morphology
of mature and immature females.

First, the setae of the pleopods

and the setae which border the abdomen are much longer in mature
crabs.
telson.

This is particularly evident in the marginal setae of the
Second, the abdomen of an immature female is held securely
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Fig. 23. Length plotted against height of the propodite of
the major chela for Neopanope.
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Ill
in the sternal depression by a lock mechanism consisting of two knobs
which protrude from the fifth sternite and fit into two sockets on
the sixth abdominal segment.

This mechanism is not present in

mature females and its absence can readily be detected by the
missing sternal knobs.

Third, the vulvae of immature crabs are

shaped like a teardrop, while those of mature specimens are relatively
larger and oval-shaped.
Verification of these criteria of maturity came from three
sources. Almost all of the ovigerous females I examined met each
of the criteria.

The only exceptions were a few crabs which possessed

remnants of the sternal knobs.

Immature females which molted in

the laboratory usually retained the juvenile characteristics or
made a complete transition to maturity.

Changes at the pubertal

molts of 12 specimens are given in Table 20.

If the length of the

marginal setae on the telson is plotted against carapace width, two
distinct regression patterns emerge and there is a complete transition
between them at the pubertal molt (Fig. 24).

The internal reproductive

system was always mature if a crab met all of the criteria and im
mature if it met none of them.

Occasionally I collected specimens

with telson setae of intermediate length.

They usually had tear

drop-shaped vulvae and immature internal systems, but in one in
stance the vulvae were oval-shaped and the internal system apparently
mature.

Therefore, the best external criterion of maturity is the

shape of the vulvae.
The smallest mature and largest immature female I found were 58
and 12.6 mm, respectively.

Most females reach maturity between 6

and 10 mm (Table 13, p. 59).
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Fig. 24. The relationship between the length of marginal
setae on the telson and the carapace width of
Neopanope females. The lines connect the juvenile
and adult measurements of five of the specimens
whose pubertal whose pubertal molts are described
in Table 20.
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Sexual Maturity of Males
The pubertal molt of males is not accompanied by any major
changes in external morphology.
functional in males of all sizes.

Sternite knobs are present and
Some of the morphometric differences

between large and small males, described in the previous section,
may be related to puberty, but they are recognizable only on a
statistical basis and cannot be used as criteria of maturity.
The gonopods appear as short projections from the first
abdominal segment in crabs as small as 2.4 mm.

In males 6 mm wide

they occupy nearly the entire length of the sternal groove, and do
not differ in appearance from the intromittent organs of large
adults.

During the copulation season of 1970, no spermatozoa

were found in the

vasa deferentia of males of carapace

width 4.2, 4.4, 4.7, and 5.1 mm.

Spermatozoa and spermatophores

were present, but in relatively low numbers in crabs 5.3, 5.9, 6.1,
and 6.5 mm wide.

Only males larger than about 8 mm possessed

white, bulbous vasa deferentia containing large numbers of spermato
phores.

These data suggest that males attain sexual maturity at

about the same size (5-10 mm) as females.

However, the only un

equivocal proof of maturity is the ability to copulate.successfully,
and I never saw males < 10 mm in copulo.

Even if they are able to

mate, the size discrimination during copulation and the rarity of
small mature females, make it improbably that a male < 8 mm could
find a receptive female.
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Ill - THE MOLT CYCLE

Molting Behavior
Ecdysis is preceded for several days by physiological prepara
tions which include the resorption of inorganic substances from the
old exoskeleton, the mobilization of organic reserves in the hepatopancreas and the formation of the new exoskeleton (Passano, 1960a).
During proecdysis and especially on the day prior to the molt,
general activity and feeding are reduced (p.138).

I found no evi

dence of a molting migration, but since soft crabs and exuvia were
often discovered between the valves of dead oysters or in the recesses
of large sponges, Neopanope may seek a secluded spot prior to ecdysis.
Crabs which are about to molt can be recognized in several
ways.
normal.

They are less active, and when handled seem weaker than
If disturbed, however, they are capable of aggressive dis

plays and rapid escape movements.

Just before the molt, when the

new exoskeleton detaches from the old, the color of the carapace
changes from dark to light brown.

Because of the loss of salts

the exoskeleton is relatively fragile.

As in all brachyurans,

there are lines along the exoskeleton which are completely desclerotized and must crack before the animal is able to molt.

The most

obvious of these is the epimeral line, which separates the carapace
from the epimeron.

The epimeral line of a specimen with a light

brown carapace is usually split, or will split at the slightest
pressure.
115
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The movements by which Neopanope withdraws from its exuvium
are highly stereotyped.

The following summary is taken from observa

tions of 17 molting sequences.
Several hours may elapse between the splitting of the epimeral
line and the completion of the molt.

During this period the body

begins to swell and the old epimeron and carapace separate, thereby
exposing the new exoskeleton (Fig. 25).

The expansion of the body

is a consequence of the imbibition of water followed by an increase
in the volume of the hemolymph (Herrick, 1909; Passano, 1960a).
opening at the epimeral line increases very slowly at first.

The

During

this passive phase of ecdysis the crab is able to move all of its
appendages, and will walk away if disturbed.
During the active phase of molting the crab literally backs
out of its exuvium (Fig. 26, 27).

The old exoskeleton is no longer

functional, and therefore the animal is not able to defend itself,
even with ritualized displays.

The first indication that the active

phase has begun is an almost imperceptible side-to-side rocking
caused by alternate contractions of the muscles at the base of the
pereiopods.

The contraction sequence seems to begin with the right

fifth pereiopod (R5) and continues in the following order:
L4 - R3 - L3 - R2 - L2 - R1 - LI.
the first is completed.

L5 - R4 -

A second sequence may begin before

Shortly after the contractions are initiated,

the abdomen begins to withdraw and it is the first part of the body
to be freed from the exuvium (Fig. 26).

At the same time, the

pereiopods and other appendages are partly withdrawn.

The posterior

margin of the new carapace is elevated in an almost vertical plane
(Fig. 27A).

At the maximum elevation the pereiopods become free

in the order of their posterior-anterior position (Fig. 27B).

The
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Fig. 25. The end of the passive phase of ecdysis in
Neopanope. The two spots on the carapace are
identification marks.
A. Posterior view. Upper arrow: posterior margin
of the old carapace. Lower arrow: proximal
margin of the old abdomen.
B. Lateral view. Upper arrow: lateral margin of
the old carapace. Lower arrow: dorsal margin
of the old epimeron.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1 18

Fig. 26. The active phase of ecdysis in Neopanope.
A. Abdomen patially withdrawn. Upper arrow:
posterior margin of the old carapace. Lower
arrow: proximal margin of the old abdomen.
B. The abdomen and the most posterior pereiopods
are free of the exuvium.
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Fig. 27. The end of the active phase of ecdysis in Neopanope.
A. Maximum dorsal extension of the body.
B. The soft pereiopods are about to begin their
ambulatory function during the final withdrawal
from the exuvium.
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connection of the old carapace to the rest of the exuvium in the
oral region provides the resistance whereby the new carapace is
removed from the old.
withdrawn.

The chelae are the last appendages to be

The crab then quickly leaves its exuvium and moves a few

centimeters away (Fig. 28).

If not disturbed, the crab will remain

by the exuvium for several minutes during which it intermittently
flexes its appendages.
running away.

If disturbed, it will try to escape by

The exoskeleton of newly molted crabs is slightly

wrinkled and misshapened.

The black dots and marks on the carapace

are particularly evident.

The pubescent material which given inter-

molt crabs their characteristic brown color begins to appear within
a few days of ecdysis.
Molting behavior is the same in crabs of both sexes and all
sizes.

The active phase was most rapid in small crabs, but it was

always of relatively short duration, lasting between two and ten
minutes.
Because of their relatively large size, but narrow base, the
chelipeds present unique problems during molting.

There are special

regions of desclerotization in the basal cheliped segments which
crack during ecdysis and widen the opening at the coxopodite through
which the claws must by drawn.

Occasionally, crabs left their

chelipeds or cheliped buds in the exuvium.

In all of these instances,

the chelipeds separated from the soft body at the autotomy plane in
the basi-ischiopodite.
Deaths occurred infrequently and in all phases of ecdysis.
some instances, the animals appeared to be stuck in the exuvium.
Molting was not totally restricted to any portion of the
diurnal cycle, but seemed to be most common at night.

Soft crabs
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Fig. 28.

Completion of ecdysis in Neopanope.
A.

The soft crab scrambling out of the exuvium as

B.

The soft crab "resting” after moving a short

the tips of the chelipeds are withdrawn.

distance from the exuvium.

The chelae are

wrinkled, but not greatly shriveled.

The

carapace of the exuvium is typically left in
its premolt position after ecdysis.
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which had molted within the previous several hours were collected
from the field at all times of the day.

The active phase of

ecdysis was witnessed in the laboratory during the day and at night.
However, most exuvia were discovered at the first inspection of the
crabs in the morning, and molting seldom occurred between morning
and late afternoon.
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Size Increment and Intermolt Duration
Materials and Methods
The size increment at ecdysis was recorded for the first molt
in captivity of 10 crabs of unknown sex (size range: 1.1 - 2.1 mm),
93 males (2.3 - 21.0 mm), and 126 females (2.4 - 18.9 mm).

The

duration of the first complete molt cycle in captivity was recorded
for 12 crabs of unknown sex (1.2 - 2.4 mm), 63 males (2.6 - 19.6 mm),
and 76 females (2.7 - 21.5 mm).
On 16 October 1968, 18 crabs between 10.0 and 17.5 mm (x =14.1)
were collected and maintained in seawater in a compartmented tray
for the next 105 days at room temperature (~ 22 C).

During that

period, 4 crabs molted twice, 9 molted once, 4 did not molt, and 1
died.

The intermolt intervals for the crabs which molted twice

were 26, 31, 33 and 72 days.

These results were greatly different

from those obtained later, when crabs in this size range were held
together in large community tanks, supplied with continuously run
ning seawater, or in a 20 gal aquarium equipped with a pump and
filter.

For example, the mean intermolt interval of 12 large males

(12.4 - 19.6 mm) maintained in a wet table was 17.4 days.

For this

reason, data presented below for crabs > 10 mm was restricted to
specimens held in wet tables. The size increment and intermolt
duration of animals < 10.0 mm was obtained from crabs held in com
partmented trays.

Intermolt duration data reported in this section

123
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for mature females was taken only for molt cycles in which spawn
ing did not occur.
Results

There was an approximately linear relationship between carapace
width and size increment at ecdysis among crabs > 2 . 5 mm (Fig. 29).
Analysis of covariance showed no significant sexual differences in
this regression, and the data for both sexes were pooled in the
calculation of the following equation:

Size increment = -0.11 + 0.222 carapace width

(8)

r = 0.910
The intermolt duration of the first few postlarval instars
ranged from 5 to 10 days (Fig. 30).

Two crabs were collected as

megalopae and held through two molts; the duration of their first
postlarval instar was 5 and 9 days.
There was considerable variation in the intermolt duration of
crabs > 2.5 mm (Fig. 30).

The interval between molts increased

with carapace width among crabs held in compartmented trays, i.e.
specimens < 10 mm.

The average value in the size range 7.5 - 10.0

mm was about 24 days.

However, the intermolt duration of crabs >

10 mm, all of which were held in community tanks, was generally
shorter (usually 13-20 days) and showed no obvious increase with
carapace width.

It is unlikely that under natural conditions the

maximum intermolt intervals would occur in crabs of intermediate
size.
growth.

More probably, some aspect of captivity in the trays inhibits
Despite this reservation about the data for smaller crabs,
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Fig. 29. The relationship for Neopanope between size
increment at ecdysis and carapace width. The
regression is expressed by equation (8).
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Fig. 30. The relationship for Neopanope between intermolt
duration and carapace width.
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it is clear that intermolt duration increases from < 10 days in
the first postlarval instars to > 10 days in the mature instars.
Except for the spawning anecdysis of females, there were no
apparent sexual differences in intermolt duration among either
juvenile or mature crabs.
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REGULATION OF THE MOLT CYCLE
Salinity

Materials and Methods

Growth was examined at four salinities (ambient, 10, 20, and
30&>). The ambient water samples were collected daily and ranged
from 16.9 to 20.2&.

Samples at other salinities were obtained by

diluting with distilled water a 30&> stock solution which was pre
pared at the beginning of the experiment by adding Instant Ocean
salts to filtered York River water.

On 14 and 15 February 1970,

72 crabs were collected and randomly divided into 4 groups of 18
crabs each.

One group was maintained at ambient salinity for the

duration of the experiment.

On 16 February

one group was transferred

from ambient to 20&> (its final experimental salinity) and the other
two groups were transferred to 18 and 22%o.

The salinity of the

water of the latter two groups was changed in the appropriate
direction at the rate of 2%o per day for the next four days and
then held at 10 and 30&> for an additional 48 hr.

During this ac

climation period, all groups were held at ambient temperature
(4.5 ± 0 . 6 C).

On 22 February the water in the four trays was

simultaneously brought to room temperature (23.4 ± 2.1 C).

All

crabs were held at the appropriate salinity until they died or molted
twice.

The initial mean size of the specimens in the four groups

ranged from 5.0 to 5.2 mm.
128
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Results

An analysis of variance showed significant differences among
the groups held at ambient, 10, 20, and 30&> in the mean values for
the duration from A T to the first molt, the interval between the
first and second molts, and the size increment at both molts (Table
21).

Student - Kewman - Keuls’ multiple range test indicated no

significant differences between any of these means within the
groups held at ambient, 20 and 30&>.

The mean percent size increments

at both molts in the 10%c group were significantly less than those
of each of the other three treatments.

Similarly, the mean inter

vals from A T to Molt I and Molt I to Molt II were significantly
longer at 10&> than at the higher salinities (Table 21).
The dactylopodite and distal segment of the propodite of the
chelae were eroded in 32 of the 35 exuvia collected in the 10&>
group.

These segments constitute the pinching fingers of the claw.

In extreme cases the fingers were reduced to blunt knobs. Before
each molt, regeneration buds formed at the tips of the chelae, and
normally shaped fingers were present immediately after molting.
Only four exuvia from the ambient group and two each from the 20
and 30&> groups possessed eroded chelae.

In none of these was the

erosion as severe as that typical of the exuvia from the 10&>group.
All of the crabs in the ambient, 20, and 30&> groups survived
two molts.

One specimen in the 10&> group died after its first

ecdysis, but a single mortality among 18-crab groups given normal
daily care was not unusual and probably is not significant.
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different salinities1 .
Salinity (%o)
10

Ambient

2

20

30

Analysis of Variance

Days from A T to Molt I
Mean
Range

22.0
14-43

14.1
10-23

14.9
"15=32“

17.6
11=47

F = 5.88, P < 0.01

Days from Molt I to Molt II
Mean
Range

25.6
17-47

21.8
12=37“

19.7
"14=31“

18.7
12-39

F = 5.17, P < 0.01

Percent increment in
carapace width
Molt I
Mean
Range
Molt II
Mean
Range

8.9
2-14

15.6
11-21

13.8
7-20

15.3
12-20

F = 28.81, P < 0.01

7.9
3-13

15.4
9-21

13.6
8-18

14.6
11-20

F =18.49, P < 0 . 0 1

The results of Student - Kewman - Keuls1 multiple range test are summarized by the dashed
lines. Any two means not underscored by the same line are significantly different at the
0.05 level.
2Range 16.9-20.2 &, mean 19.1 %o.
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Table 21. Intermolt duration and size increment at ecdysis of Neopanope juveniles held at

Light

Materials and Methods

On 24 and 25 March 1970, 54 crabs were collected and randomly
divided into 3 groups of 18 crabs each.

The temperature was increased

from ambient (13.4 C) to room temperature (24.8 ± 2.5 C) on 26
March.

One group was maintained at a normal photoperiod by placing

the tray in a room exposed to natural changes in daylight.

The

duration of day increased during the experiment from 12 hr 22 min
to 14 hr 5 min.

Another group was exposed continuously to light

from a standard 60 watt bulb placed 2 m above the tray.

The third

group was held in continuous darkness, except for two periods
(~ 2 min) each day when the crabs were fed and later transferred
to fresh seawater.

At those times the animals were exposed to a

shaded, red, 30 watt bulb.

All specimens were held at the appropriate

light conditions until they died or molted twice.

The initial mean

carapace width of the three groups ranged from 4.9 to 5.1 mm.
Results

All crabs exposed to a natural photoperiod or continuous light,
and all except one held in continuous darkness, molted twice after
£T.

The mean duration from A T to the first molt was significantly

longer in the group held in constant darkness (18.5 days) than in
either the group exposed to a normal photoperiod (13.7 days) or
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constant light (13.9 days) (Table 22).

There were no significant

differences between the three groups in the mean interval from the
first to the second ecdysis, although the mean value for the constant
darkness group was highest.
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Time Interval

Normal
Photoperiod

Continuous
Light

13.7

13.9

Continuous
Darkness

Analysis of Variance

Days from A T to Molt I
Mean"^
Range

9-26

8-24

18.5

F = 4.28, 0.05 > P > 0.01

11-35

Days from Molt I to Molt II
Mean

21.0

21.8

24.3

Range

14-31

13-34

13-39

F = 1.26, P > 0.25

1The results of Student - Kewman - Keuls’ multiple range test for the A T to Molt I interval
are indicated by underscoring as explained in Table 21.
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Table 22. Intermolt duration of Neopanope juveniles subjected to different photoperiods.

Background Color
Materials and Methods

Seventy-two crabs were collected on 14 and 15 April 1969 and
randomly divided into two groups of 36 specimens each.

The groups

were maintained in transparent, compartmented plastic trays placed
in either white or black enamel pans. The temperature was increased
on 15 April from ambient (13.5 C) to room temperature (24.1 ± 2.8 C).
One crab in each group died after the first ecdysis, but the remainder
were held until they molted twice.

The initial mean size was 6.4

and 6.3 mm for the black and white background specimens, respectively.
Results

There was no significant difference in the mean duration from
£ T to ecdysis or in the mean interval of the next intermolt period
between the black and white background groups (Table 23).
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Table 23. Intermolt duration of Neopanope juveniles exposed to
different background colors.

Time Interval

Background Color
Black

White

36

36

Statistical Comparison

A T to Molt I
Number of Specimens
Duration (days)
Mean

8.2

9.9

Range

4-21

5-26

t = 1.61, P > 0.10

Molt I to Molt II
Number of Specimens

35

35

Mean

19.8

21.1

Range

13-36

13-37

Duration (days)
t = 0.86, P > 0 . 2 0
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Food Requirements
Quantitative Changes in Food Requirements
during the Molt Cycle
Materials and Methods

Eighteen crabs (4.5-6.4 mm) were collected on 10 June 1970,
placed in a compartmented tray, and held at room temperature (25.2 ±
2.7

C) until five days after their second molt in captivity.

Each

day the specimens were offered the same quantity and type of food
given as part of normal daily care in all experiments, i.e. a
morsel (~ 7 m m^) of adductor muscle from Mercenaria mercenaria. The
food was dropped in the immediate vicinity of the crab, and typically
it was grabbed instantly and brought to the mouthparts, but some
times it was pushed away or "ignored” .

After two hours the compart

ments were examined for food remnants and the crabs were transferred
to fresh seawater.

I recorded whether the crabs had eaten all, some,

or none of the food.

The adductor muscle was cut up with a pair of

scissors so that the morsels were block-shaped with very distinct
edges.

Consequently, it was easy to determine if a crab had eaten

none of the food.

"Some eaten" is the least informative of the

three categories because the proportion which was ingested varied
considerably.

136
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Results

Three or four days before ecdysis, the percent of the crabs
which ate all of the food began to decline, and the proportion
which ate none of the food began to increase (Fig. 31).

Both

trends reached their climax during the feedings preceding and
following the molt.

At the second feeding after ecdysis the percent

of the crabs which ate all of their food rose markedly to about
70%.

Daily consumption of food remained at this high level for

several days.

The food requirements in the intermolt seemed to be

intermediate between those of the postmolt and premolt periods.
Food Availability and Growth
Materials and Methods

This experiment concerned the influence of the availability
of food on intermolt duration, size increment at ecdysis, and
survival.

Seventy-two crabs were collected on 3 February 1970 and

randomly divided into four groups of 18 crabs each.

The next day

the water temperature was increased from ambient (3.3 C) to room
temperature (24.4 ± 3.2 C).
out the experiment.

One of the groups was starved through

One was fed Mercenaria muscle every day,

another was fed every other day, and the last was fed every fourth
day.

Other than this feeding schedule, the crabs received normal

daily care.

Each specimen was maintained under the appropriate

conditions for its group until it either completed its second molt
or died.

The mean size of the crabs in the four groups ranged from

5.1- 5.4 mm before the first molt.
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Fig. 31. Food requirements during the molt cycle of
Neopanope juveniles, as indicated by the
proportion of 18 specimens which ate all or
none of the daily food provision.
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Results
All crabs fed every day or every other day molted twice (Table
24).

However, mortality was high within the two groups fed less

often.

Only eight of the starved crabs molted once, and all of

these died before molting a second time.

Sixteen of the specimens

fed every fourth day molted once, but only four of these made a
second ecdysis before death.
There was no significant difference in the mean duration from
A T to the first molt between the crabs fed daily and those fed
every other day (respective means: 15.2 and 14.4 days; t = 0.48,
P > 0.50).

However, the mean intermolt duration between the first

and second ecdyses was significantly longer in the latter group
(18.7 and 24.7 days; t = 2.94, P < 0.01).

Similarly, the difference

in the mean percent size increment at ecdysis for the groups fed
daily and every second day was not significant at the first molt
(14.4 and 13.0%; t = 1.39, P > 0.10), but was significant at the
second molt (15.8 and 10.8%; t = 5.4, P < 0.001).

Thus, even though

all numbers of the group fed every other day were able to molt
twice, this feeding schedule had a detrimental effect on growth.
The critical nutritional stress imposed on the starved group
and the group fed every fourth day is evident not only in the high
mortality among these animals, but also in the relative size incre
ment and intermolt duration data given on Table 24.

The mean size

increment was only 6% for the eight starved crabs which molted
once.

For the crabs fed every fourth day the mean dropped from

11.1 to 5.0% between the first and second ecdyses.

The mean size

increment at both molts was directly proportional to the frequency
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Table 24. Intermolt duration, size increment, and survival of
Neopanope juveniles maintained on different feeding
schedules.
Days Between Feedings
1
2
4
Number of crabs which completed
Molt I

18

18

16

Not
Fed

8

Days from A T to Molt I
Mean
Range

15.2
9-28

14.4
10-25

20.0
14-40

15.9
12-21

Size increment at Molt I (%)
Mean
Range

14.4
9-19

13.0
7-19

11.1
7-18

6.0
2-11

0

0

2

Number of crabs which died
before Molt I
Days from A T to death
Mean
Range
Number of crabs which completed
Molt II

18

18

39.0
35-43

35.1
31-43

4

0

Days from Molt I to Molt II
Mean
Range

18.7
11-39

24.7
19-37

41.2
33-48

Size increment at Molt II (%)
Mean
Range

15.8
12-23

10.8
6-15

5.0
3-8

0

0

Number of crabs which died
between Molt I and Molt II
Days from Molt I to death
Mean
Range

10

12
49.8
22-70

8
16.6
10-22
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of feeding for all four experimental groups.

Although the mean

interval between A T and the first molt was not greatly different
for the starved animals and those fed daily, 15.9 and 15.2 days,
respectively; the former value was biased by the high mortality in
the starved group.

The comparable figure for the first eight crabs

to molt in the group fed daily was 10.5 days.

I believe a comparison

between the 10.5 and 15.9 day means is more appropriate, and indicates
that those starved crabs which were able to molt would have molted
sooner if they had not been denied food.
Obviously, at least eight of the starved crabs possessed suf
ficient organic reserves at the time of collection to conduct the
necessary preparations for molting.
continuously depleted after A T .

However, these reserves were

This may explain why none of the

starved crabs molted later than 21 days after A T, while several
crabs in each of the other groups did so.

The initial reserves

may have been so reduced by that time, that the initiation or continu
ation of proecdysis was impossible.

However, many of the animals

fed every fourth day were apparently able to derive enough nourish
ment to survive for long periods, and in four instances to molt
twice.

The average time from the first molt to death for the 8

crabs in the starved group and the 12 crabs in the group fed every
fourth day which died after molting once was 16.6 and 49.8 days,
respectively.
The group of crabs fed daily was the only one in which there
was not a significant decline in the mean size increment between
the first and second molts (14.4 and 15.8 days; t = 1.51, P > 0.05).
This experiment demonstrated the overwhelming influence the
availability of food has on the survival and growth of brachyurans
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in the laboratory.

In the case of Neopanope, the animals must have

access to food each day or growth will be adversely affected.
Starvation, Autotomy, and Molting

Materials and Methods

This experiment examined the effects of dual cheliped autotomy
on the molting activity of starved crabs.

On 30 March 1969, 36

crabs were collected and randomly divided into two 18-specimen
groups.

The next day the temperature was increased from ambient

(9.1 C) to room temperature (24.1 ± 2.6 C).

At the time of £ T,

both chelipeds of the specimens in one group were autotomized and
the crabs in the other group were left intact.

Both groups were

starved, and the experiment was concluded when all specimens had
died or molted.

The mean size of the animals was 5.1 mm in the

autotomized group, and 5.9 mm in the nonautotomized group.
Results
The proportion of crabs which molted after A T was significantly
higher in the group which was both starved and autotomized (14/18
molted) than in the group which was just starved (6/18 molted)
(Table 25).

All of the crabs died before molting a second time.

Despite the relatively large difference between the two groups in
the mean duration from A T to ecdysis (12.3 and 17.0 days), it was
not significant at the 0.05 level.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

which were either subjected to dual cheliped autotomy or left intact.
Treatment
Autotomy

Statistical Comparison

No Autotomy

Total number of specimens

18

18

Number of specimens which
molted once before death

14

6

Chi2 = 7.2, P < 0.01

A T to molt duration (days)
Range
Mean

9-17
12.3

8-23
17.0

t T = 2.09, t Q5 = 2.52
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Table 25. The survival and A T - ecdysis duration of starved Neopanope juveniles

144

Autotomy
Influence of Autotomy on Intermolt Duration
Materials and Methods

Four experiments were designed to determine if autotomy at
varying periods of time from A T or at ecdysis would affect the
duration to the next molt.

Experiment I
On 26 and 27 February 1969, 90 crabs were collected and randomly
divided into five groups of 18 crabs each.

The temperature was

increased (3.7 to 24.6 ± 2.6 C) on 27 February.

After the trays

reached room temperature, both chelipeds of all specimens in one
of the groups were autotomized.

The second, third, and fourth

groups were autotomized 4, 8, and 12 days later, respectively.
fifth group served as an intact control.

The

The mean size of the

crabs in the five groups ranged from 5.0-5.9 mm.

The animals were

held until they molted or died.
Experiment II
On 20 March 1969, 72 crabs were collected and randomly divided
into two 36-crab groups.
24.7

The temperature was increased (5.9 to

± 3.2 C) on the same day.

The chelipeds of the specimens in

one group were autotomized immediately after A T, and those of the
second group, six days later.

The mean sizes of the crabs in these
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two groups were 5.1 and 5.5 mm, respectively.

The duration from

A T to the next molt was recorded for all specimens.
Experiment III
Sixty of the specimens of Experiment II regenerated their
chelipeds and survived the first molt after A T .

Of the 60, 35

had been autotomized at A T and 25 had been autotomized six days
later.

Crabs within each of these two groups were further subdivided

on the day of the first ecdysis.

One subgroup was left intact for

the entire intermolt period and the other was subjected to dual
cheliped autotomy while the crabs were still soft.

The fate of

an individual crab was determined by the relative chronological
order of its molt.

Conflicts were resolved by flipping a coin.

For example, the first molt within the 35-crab group occurred seven
days after A T .
this specimen.

By flipping a coin it was decided not to autotomize
The next day two crabs molted.

The sequence

required at least one of them to be autotomized; the choice was
made by flipping a coin, and the coin was flipped again to determine
the autotomy fate of the other crab.

This procedure for dividing

crabs on the day of ecdysis was conducted separately for specimens
which had been autotomized at A T and at A T + 6 days in experiment
II.

It was later learned that this distinction had no influence on

the duration of the next molt cycle, and the data from the two groups
were pooled for analysis.
for two groups.

Thus, the intermolt duration was recorded

One consisted of 31 crabs which had regenerated

two chelipeds during the previous molt cycle and were left intact
after molting; the second group contained 29 crabs which had regen-'
erated two chelipeds during the previous molt cycle and were subjected
to a second dual cheliped autotomy after molting.
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Experiment IV

Experiment III was repeated in a slightly modified, but simpler
form.

On 31 March 1969, 36 crabs were collected and brought to

room temperature (9.1 to 24.1 ± 2.6 C).

They were left intact until

their first molt, when they were either subjected to dual cheliped
autotomy or were not autotomized, according to the chronological
order of the first ecdysis.

The duration to the next molt was

recorded for all specimens.
Results

Experiment I
The mean

A

T-molt duration was 12.9 days for both the non-

autotomized (control) group and the group autotomized immediately
after

A

T (Table 26).

their chelipeds.
of

A

All crabs in the latter group regenerated

Thus, regeneration following autotomy at the time

T neither delayed nor hastened the next molt.
Regeneration occurred in all except one of the crabs autotomized

at A T + four days.

Excluding that specimen, the average A T-molt

duration was 14.5 days, which is significantly longer than the
control mean (t = 3.4, P < 0.005).
The A T-molt duration frequencies of the groups autotomized 8
and 12 days after

A

T were bimodal (Table 26).

One mode included

crabs which molted before the scheduled autotomy and those that
molted within four days after autotomy.
regenerated chelipeds.

None of the later specimens

The second mode consisted of those specimens

which regenerated chelipeds.

Significantly, within both the 8- and

12-day-autotomy groups the two modes were separated by at least
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time of dual cheliped autotomy.
Regeneration (plus Control)

Day of Autotomy
after A T

121

N

Duration A T to Molt (days)
Mean
Range

No Regeneration
N

Duration A T to Molt (days)
Mean
Range

6

21.2

20-22

4

14.8

14-16

8

18.4

17-21

8

10.6

9-12

4

17

14.5

12-18

1

14

o3

17

12.9

11-18

No Autotomy: Control

18

12.9

10-17

82 ’3

■*-Eight crabs molted before scheduled autotomy (mean duration A T to molt, 10.2 days; range, 8-12).
2
One crab molted on day 8 before scheduled autotomy.
30ne crab died.
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Table 26. Regeneration fate and A T - ecdysis duration of Neopanope juveniles in relation to the

148

four days during which no molts were recorded, i.e. the distribution
of molts was not only bimodal, but also discontinuous.

The mean

A T-molt durations for the 8- and 12-day- autotomy specimens which
regenerated claws were 18.4 and 21.2 days, respectively.

These

means lie beyond the maximum individual A T-molt duration for the
control group (17 days).

Clearly, either the molt itself or

physiological preparations for ecdysis were delayed while regenera
tion proceeded.
Experiment II
The results of this study support the conclusion that autotomy
under certain conditions will delay molting.

All crabs autotomized

at A T regenerated chelipeds, and molted after a mean duration of
11.6 days.

The A T-molt duration frequency of these specimens

approximates a normal distribution (Fig. 32).

(One crab in this

group was misidentified, and another molted on day 34; neither is
shown in Fig. 32.)

However, the distribution for the group autoto

mized at A T + 6 days shows the discontinuous, bimodal pattern
discussed above.

Again, the discontinuity separates the specimens

which did not regenerate (N = 11) from those that did (N = 25).

The

mean A T-ecdysis duration for the last 25 crabs to molt in the day0-autotomy group was significantly shorter than that of the 25 crabs
which replaced chelipeds in the day-6 group (12.8 and 16.9 days;
t = 4.17, P < 0.001).
Experiments III and IV
There was no significant difference between the mean intermolt
duration of crabs autotomized after molting and those not autotomized
(Table 27).

In all instances the mean duration of the first complete

intermolt cycle after A T for juveniles (5-7 mm) was about 18 days.
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Fig. 32. Regeneration fate and A T - ecdysis duration of
Neopanope juveniles subjected to dual cheliped
autotomy at the time of A T or six days after
A T . Clear area: chelipeds regenerated. Shaded
area : no regeneration.
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Table 27. Intermolt duration of Neopanope juveniles subjected to
dual cheliped autotomy on the day of ecdysis, relative
to those not autotomized.
Experiment III

Treatment

Experiment IV

Autotomy
Number of Specimens

241

162

Intermolt Duration (days)
Mean
Range
Mean Size (mm)

17.8

17.4

12-29

13-31

6.4

5.8

No Autotomy
Number of Specimens

31

18

Intermolt Duration (days)
Mean
Range
Mean Size
Statistical Comparison of
Intermolt Duration Means

17.7

18.5

11-37

13-35

6.1

5.4

t = 0.03, P > 0.50

t = 0.59, P > 0.50

^Five of the original 29 specimens did not regenerate chelipeds.
2Tw o of the original 18 specimens did not regenerate chelipeds.
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Conclusions
The results of experiments I and II are summarized in Fig. 33,
where the time of ecdysis is shown relative to the time of autotomy
rather than to A T.

With the exception of one specimen, there was

a perfect correlation between the bimodal-distribution and regenera
tion fate.

Autotomy obviously had no effect on the £ T-ecdysis

duration of crabs which molted before the scheduled treatment;
and it did not seem to alter the time to ecdysis of crabs which
molted, without regeneration, within four days of autotomy.

Ap

parently there is a time in the molt cycle beyond which autotomy
is not followed by regeneration.

In juveniles whose normal inter

molt period is about 18 days, this critical period occurs approximate
ly 4 days before ecdysis, i.e. within the last 22% of the molt cycle.
Passano’s (1960a) summary of the relative duration of the stages
of the brachyuran molt cycle shows that proecdysis (stage D) begins
when about 24% of the molt interval remains.

This suggests that

the critical event four days before molting was the initiation of
proecdysis.

Hiatt (1948) found that regeneration was always blocked

when autotomy occurred in stage Dj_ and sometimes blocked in stage
C^.

Since Hiatt’s (1948) report it has been learned that proecdysis

begins before Dj, and stage DQ has been created to include that
portion of

which actually is a part of proecdysis (Passano 1960a).

Skinner (1962) reported that limb bud growth resumes during D0 in
Gecarcinus lateralis.
With respect to the consequences of autotomy, the molt cycle
of Neopanope can be divided into three segments.

After proecdysis

begins, autotomy will not be followed by regeneration and the
length of the molt cycle will not be altered.

Crabs autotomized
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Fig. 33. Regeneration fate and temporal frequency of
molting of Neopanope juveniles, relative to the
time of cheliped autotomy. Clear area : chelipeds
regenerated. Shaded area: no regeneration.
Striped area : ecdysis occurred before scheduled
autotomy.
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within several days of the time proecdysis would normally have begun,
will regenerate their chelipeds and ecdysis will be delayed.

In

such instances the difference between the minimum time required for
regeneration (seven or eight days) and the duration of proecdysis
(about four days) suggests that the maximum period of delay is
three or four days.

If autotomy occurs earlier in the molt cycle,

regeneration will follow and the duration of the molt cycle will
not be affected.
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Changes in Growth during the Molting Delay
caused by Autotomy

Materials and Methods
In previous sections the pattern of limb bud regeneration was
used to monitor growth processes during winter and spawning anecdyses.
Since autotomy and regeneration can delay molting, it is possible
that the effects of a second cheliped autotomy on the regeneration
pattern of a cheliped autotomized earlier, could elucidate physio
logical changes during the delay period.

Two experiments were

therefore conducted in which the chelipeds of individual crabs
were autotomized at different times after A T or ecdysis.
Experiment I
On 18 December 1969, 35 crabs, randomly distributed into 7
groups of 5 specimens, were subjected to a temperature increase from
ambient (6.2 C) to room temperature (22.7 C).

Immediately after

the A T , the left cheliped of each specimen was autotomized.

The

right chelipeds were autotomized at times A T + 0, 3, 4, 5, 7, 8,
and 10 days for groups one through seven, respectively.
buds of all crabs were measured daily.

The limb

The mean specimen size in

the seven groups ranged from 5.0 - 6.0 mm.
Experiment II
On 24 and 25 March 1970, 36 specimens were collected, and on
26 March the temperature was increased from ambient (11.2 C) to
154
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room temperature (22.9 C).

The crabs were allowed to complete their

first molt after A T, and then the left cheliped of each specimen
was autotomized.

Limb buds were measured daily, and the right

cheliped of one-half of the animals was autotomized on the day the
length of the left regenerate was > 0.9 mm (R = 10-14).

The

specimens were divided into the two groups on the basis of the
chronological order in which the left bud reached the specified
size.

The mean carapace width after the first molt was 6.5 mm for

the crabs autotomized twice and 6.9 mm for those autotomized once.
Results
In experiment I, 28 of the 35 specimens regenerated both
chelipeds, and the other 7 replaced only the left cheliped (Table
28).

The R (left cheliped) values at the time of right autotomy

ranged from 0-17 for the former group, and from 15-26 for the latter.
In the overlap of R values for the two groups (R = 15-17), two
crabs regenerated their right claw and three did not.

On the basis

of these data, in experiment II the right autotomy was made at
R (left cheliped) = 10-14 (x = 13.1), and all 18 specimens regen
erated both chelipeds.

Thus, the time beyond which autotomy is

not followed by regeneration (the initiation of proecdysis) is
associated with R values between 15 and 17 on the linear regenera
tion pattern.
Within each group autotomized the second time on days 7, 8,
and 10, only some of the specimens regenerated their right chelipeds.
Those that did regenerate both claws had the smallest R(left cheliped)
values and were therefore probably in earlier stages of the molt
cycle at the time of right autotomy (Table 28).

Thus, significant
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Table 28. Regeneration fate and intermolt duration in Neopanope juveniles as a function of the time between left
cheliped autotomy at A T and right cheliped autotomy at A T + 0 to 10 days.
Number of days between right and left: cheliped autotomy
0

3

4

5

7

8

10

7

8

10

-

Right cheliped regeneration

+

+

+

+

+

+

+

-

-

Number of specimens

5

5

5

5

4

2

2

1

3

Mean intermolt duration (days)

14.2

14.4

15.6

16.2

16.5

20.5

Mean

0.0

1.4

4.0

5.6

11.0

10.5

Range

0

0-3

3-6

3-7

+0.04

-0.05

-0.11

23.0

11.0

11.3

3
13.0

Rleft cheliped at right cheliped autotomy

Length of regenerated right chela
propodite minus length of left chela
propoaite (mean value in mm)

+0.07

8-13

9-12

-0.28

-0.19

17.0

15.0

17.7

23.3

17

15

16-20

21-26

-0.25
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differences in intermolt duration between crabs which did and did
not regenerate are not necessarily attributable to the autotomy
treatment.

In the previous section, it was the correlation of

the discontinuous, bimodal temporal distribution of molts with
regeneration fate that showed that molting was delayed by autotomy.
In experiment I, limb bud growth followed the linear pattern
in most cases.

This was true for the growth of the left bud of

those seven specimens which did not replace their right cheliped,
and for the right cheliped bud growth of all crabs which regenerated
both claws.

The growth patterns of the left cheliped buds relative

to the time of autotomy of the right cheliped are shown in Fig. 34
for those animals which replaced both claws.

The only substantial

deviation from the linear pattern occurred in the two crabs whose
right chelipeds were autotomized 10 days after the left.

In both

cases R (left cheliped) was 17 at the time of right autotomy.

Fig.

34 suggests that the growth of an advanced limb bud slows or ceases
if the second cheliped is autotomized just before proecdysis begins.
This inhibition of bud growth undoubtedly is a consequence of a
general inhibition of proecdysial preparations during the molting
delay.
The growth of both cheliped buds of the two specimens which
showed a deviation from the linear patters is depicted in Fig. 35.
In each animal, the growth patterns of the two buds were not
synchronized until proecdysis began several days before the molt.
This is consistent with the hypothesis of Bliss (1960), that basal
limb growth (growth which is possible prior to proecdysis) is a
localized response to autotomy.

Thus, right autotomy did not

interfere with the growth of the left bud unless, as in the examples
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Fig. 34. Regeneration pattern of the left cheliped after its
autotomy at A T, relative to the time of right
cheliped autotomy at A T + 0, 4, 6, 7, and 10 days,
in Neopanope juveniles.
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Fig. 35. The growth of the right (RC) and left (LC) cheliped
buds of two Neopanope juveniles which regenerated
both chelipeds after left autotomy at A T and right
autotomy at A T + 10 days.
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shown in Fig. 35, the basal growth was nearly complete and the
neuroendocrine processes which are responsible for proecdysial
growth had taken control over the left regenerate.

In those two

crabs, the basal growth of the right regenerate proceeded without
any evidence of the general inhibition of proecdysis seen in the
greatly reduced growth rate of the left cheliped bud after the
second autotomy.
Fig. 35 also shows that the size of the right cheliped bud
never quite reached that of the left.

If both chelipeds of Neopanope

are simultaneously autotomized, each will be regenerated as a
minor claw, but the previously major chela will be slightly larger
than the other.

In Table 28 the mean relative propodite length of

the regenerated chelipeds is given for each group in the first
experiment.

Those data show a trend toward relatively smaller

right chelae among crabs whose right autotomy occurred several days
after left autotomy.
Because data from only two specimens suggested that the initia
tion of regeneration late in the molt cycle can inhibit the growth
of an advanced limb bud, this conclusion was reexamined in experi
ment II.

The growth rate of the left cheliped bud of 18 specimens,

whose right cheliped was autotomized on the day the length of the
left bud exceeded 0.9 mm, is compared in Fig. 36 with the growth
rate of the left cheliped bud of 18 crabs which were not autotomized
a second time.

All specimens in the former group regenerated both

chelipeds, and the growth rate of their right bud is also shown in
Fig. 36.

The time scale is relative to the time of second autotomy,

rather than the time of first autotomy or molting; and day 0 is
the day that the length of the left bud exceeded 0.9 mm, regardless
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Fig. 36. The mean regeneration rate of A) the left cheliped
of 18 Neopanope juveniles whose right cheliped was
autotomized when the size of the left bud was
> 0 . 9 mm, B) the left cheliped of 18 juveniles
whose right cheliped was not autotomized, and
C) the right cheliped of the specimens of group A.
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of whether a second autotomy was performed or not.

Similarly,

the time scale for the growth of the right cheliped buds of those
specimens which received a second autotomy, is based on the day
the right bud passed the 0.9 mm size limit.
relative to the mean R value on day 0.

The R value scale is

The actual mean R values at

time 0 were 13.1 for the left bud of the group which received a
second autotomy, 13.9 for the right bud of that group, and 12.6 for
the left bud of the specimens whose right cheliped was not autotomized.
This graphical manipulation concentrates attention on changes in
tie rate of regeneration which may have occurred at the time of
second autotomy, or time 0 if there was no second autotomy.

The

slope of these regressions is a measure of growth rate, and it
is not altered by this procedure.

Fig. 36 B shows that the mean

growth of the left bud of the group which did not receive a second
autotomy did not change after day 0.
throughout the nine day period.

It followed the linear pattern

The mean growth rate (A) of the

left bud of the dual autotomy group was almost identical to that
of the other group from ecdysis until the day of treatment.

However,

after the right cheliped was autotomized, the mean growth rate of
the left bud was substantially reduced.

This supports the results

of the first experiment, that the growth rate of relatively large
limb buds is inhibited if a second autotomy occurs before proecdysis
begins.
The rate of regeneration seemed to be (as indicated by the
steepness of the slopes for the regressions shown in Fig. 36) greater
for the right chelipeds (C), which were autotomized late in the
molt cycle, than for the left chelipeds (A and B), which were auto
tomized at ecdysis.

The right bud regression followed the linear
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pattern; the drop in the daily increment 3-4 days after the reference
day is due to the premolt plateau, which is sometimes seen one or
two days before molting.
In summary, three modifications of the typical regeneration
pattern may occur when molting is delayed because of autotomy.
First, the physiological preparations for ecdysis slow down or
are arrested completely.
than normal.

Second, the limb bud grows more rapidly

And finally, molting may occur before the bud reaches

its maximum size.
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Eyestalk Ablation
Materials and Methods

In a previous section it was reported that four crabs, whose
eyestalks had been extirpated, molted sooner than normal after A T
and with relatively large size increments.

This effect is well

known in the Brachyura, and is a consequence of the removal of
the source (X-organ, sinus gland complex) of molt-inhibiting hormone
(Ifessano, 1960a).

Because of possible future interest in the endo

crinology of Neopanope, the effects of eyestalk ablation were examined
in a sample large enough for statistical analysis.
Thirty-eight specimens were collected on 25 March 1970, and
randomly divided into two groups of 18 crabs each.

Both eyestalks

of one group were ablated the next day, as were the eyes of the
two extra specimens which were to be used as replacements for any
postoperative mortalities.

The second group was left intact.

All

crabs were held at approximately ambient temperature (13.0 C) for
48 hours, and then held at room temperature (24.6 ± 2.4 C) until
they molted.
Results

Maintaining the crabs for 48 hours at ambient temperature
substantially reduced postoperative mortality.

In the previous

experiment, 4 of 9 crabs (44%) subjected simultaneously to ablation
and A T were dead one day later.

However, in the present study,

164
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Table 29. Influence of eyestalk ablation on the molt cycle of
Neopanope juveniles.
Experimental Group
Ablation

No Ablation

Range

6-11

10-23

Mean

8.0

16.3

Duration A T to Molt (days)

Size Increment at Ecdysis (mm)
Range
Mean

1.9-2.5

0.7-1.9

2.1

1.3

6.6-8.3

6.6-8.4

Initial Size (mm)
Range
Mean
Number of Observations

7.4

7.3

18

18
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only 2 of 20 specimens (10%) whose eyes were extirpated, died
before molting, and they were found dead on the third day after the
operation, i.e., within 24 hours of d T.

Again, it seemed that

these mortalities were due to a lethal, synergistic effect between
operational and temperature stress.

None of the intact specimens

died before molting.
The results of this experiment (Table 29) are consistent
with the previous interpretation, i.e., ablation significantly
increases the size increment (means:

2.1 and 1.3 mm) and decreases

the time from A T to ecdysis (means: 8.0 and 16.3 days) relative
to the intact control.

All crabs whose eyestalks were ablated

died before completing their second molt.
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DISCUSSION
SEASONAL CYCLES OF GROWTH AND REPRODUCTION

Annual patterns of growth and reproduction are quite variable
among brachyurans.

Seasonal spawning patterns include continuous

activity with no seasonal maximum as in the kelp crab, Pugettia
producta (Boolootian et al., 1959; Knudsen, 1964b); continuous
activity with one or more seasonal peaks as in the stone crab,
Menippe mercenaria (Cheung, 1969); and discontinuous activity with
well defined seasons as in Neopanope.
given for molting or copulation cycles.

Similar examples could be
There are often intra

specific latitudinal gradients in these annual cycles.

Ovigerous

females of Neopanope texana sayi are first found in the Chesapeake
Bay in May, but are present in South Carolina in April (Lunz, 1937).
N. t. texana spawns from February through October at Cedar Key on
the west coast of Florida (McRae, 1950), but further south in
Tampa Bay, ovigerous females are present in January (McMahon, 1967).
Because of this intraspecific variation, I will emphasize temporal
relationships between the growth and reproductive seasons and between
biotic and abiotic cycles rather than the actual duration of the
seasons.
Growth and reproductive seasons are well defined in the Neopanope
population at Gloucester Point.

Copulation begins in late March

and early April, in the last quarter of the winter anecdysis.
Molting and spawning do not occur until early May, but both somatic
167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

168
and reproductive growth processes, as monitored by limb bud growth
and relative frequency of ripe ovaries, begin in April or late
March.

Since molting and spawning are intermediate rather than

initial events in growth and reproductive cycles, one can conclude
that preparations for molting and spawning resume at about the
same time as copulation during the winter anecdysis.
these annual cycles do not end at the same time.

However,

In both 1969

and 1970 there was a rapid decline during September in the propor
tion of females which were ovigerous, but molting continued among
crabs of all sizes and both sexes until late October.

Some egg-

bearing females are present in October, but they are very rare.
Rathbun (1930) listed an ovigerous crab collected from the lower
Chesapeake Bay on 22 October 1915, but it was the only ovigerous
specimen among 46 Neopanope females which she recorded from the
same area during October.

In my samples, the decline in the

relative abundance of ovigerous females was evident in mid-September.
Since the brooding time is about ten days, the decline in spawning
activity must have begun in early September, or just before the
last copulation was witnessed in the community tanks (7 September).
Thus, the spawning and copulation activities of most crabs end at
least six weeks before molting stops.
The adaptive significance of the simultaneous cessation of
spawning and copulation probably lies in the absence of transmolt
retention of spermatozoa in Neopanope, i.e. spermatozoa received
after a female’s last spawn of the season, but before her last
molt of the year, would be wasted.

A short period of copulatory

activity occurs in late October and early November when females
enter their winter anecdysis.

Spermatozoa received then could be
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used to fertilize eggs spawned before the first molt of the next
spring.

The seminal receptacles of some females do contain

spermatozoa in the middle of the winter.
An integration, perhaps hormonal, between preparations for
spawning and copulatory behavior could explain the simultaneous
cessation of both processes during September.

Evidence of some

form of integration between sexual receptivity and advanced vitellogenesis stems from the failure of mature Neopanope females to
copulate after their last spawn of a given molt cycle or during
molt cycles in which they do not spawn.
Spawning ends several seeks before molting in the Neopanope
population probably because such timing is advantageous to the
survival of the larvae.

Chamberlain (1957) reported the total

duration of the larval stages of Neopanope to be 20-25 days at
24 ± 1 C, and Chamberlain (1961) showed that the duration of larval
development is inversely proportional to temperature.

During

October, ambient water temperature at Gloucester Point decreases
from approximately 23 C to 15 C.

Zoeae hatched after 1 October

would probably not reach the first crab instar by the time the
juvenile and adult population stops molting.

Because the thermal

requirements for growth of larval crustaceans are usually narrower
that those of postlarval stages (Kinne, 1970), and because xanthid
zoeae are not found in the winter plankton of the Chesapeake Bay
and estuaries as far south as the St. Johns River, Florida (Paul
Sandifer, personal communication; Tagatz, 1968; Williams, 1971),
eggs spawned later than mid-September would not survive larval
development.

This conclusion is consistent with the hypothesis

of Costlow, Bookhout, and Monroe (1962) for another xanthid,
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Panopeus herbstii, that ’’the effect of temperature on successive
larval stages limits the productive spawning period.”

For Neopanope,

this selective pressure has limited the potential spawning season
to that period during which the zoeae have a chance of survival to
adulthood.
Temperature, salinity, and photoperiod are the most obvious
environmental factors which might be responsible for the seasonality
in the life cycle of Neopanope.

These parameters might influence

growth and reproduction in two ways.

They could directly inhibit

physiological processes when ambient conditions fall below critical
levels, or they could serve as an environmental cue that favorable
or unfavorable conditions will appear or disappear in the near
future.

Such conditions include trophic or reproductive competi

tion with another species, the presence of a major food item for
any life cycle stage, and critical levels of the same or other
abiotic factors which would directly affect growth or reproduction.
There was no correlation between seasonal changes in salinity
at Gloucester Point and any aspect of growth or reproduction in
Neopanope. Molting is not blocked in this species within the
salinity range 10-30&, although at 10&>, size increment and intermolt
duration are adversely affected.

Since ambient salinity at Gloucester

Point rarely falls below 15&, it is unlikely that the ambient
salinity range has any substantial influence on the growth of
Neopanope.

Sather (1966) also reported no correlation between

salinity and the seasonal molting frequency of the portunid,
Podopthalmus vigil.

It seems unlikely that salinity influences

the initiation of spawning in Neopanope at Gloucester Point, as
Pinschmidt (1963) suggested for the brachyurans, including several
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xanthids, of the Newport River estuary in North Carolina.

Lucas

and Hodgkin (1970) stated that salinity does not trigger spawning
in the Halicarcinus australis population of the Swan estuary,
Australia, a region which has a consistent seasonal pattern of
salinity change.

Eggs of that hymenosomatid develop normally at

3.0, 13.0, and 19.3to, but not at 0.2to.

Cheung (1969) also reported

no correlation between salinity and seasonal spawning in the
xanthid, Menippe mercenaria.
In the Neopanope population at Gloucester Point molting begins
in the spring and ends in the fall at approximately the same
ambient temperature (15-16 C).

A good correlation between seasonal

molting frequency and temperature has also been reported for other
brachyurans, including the xanthid, Xantho floridus (Drach, 1949);
the portunids, Callinectes sapidus and Podopthalmus vigil (Churchill,
1919; Sather, 1966); the grapsid, Pachygrapsus erassipes (Hiatt,
1948); the pinnotherids, Pinnotheres ostreum and Fabia subquadrata
(Christensen and McDermott, 1958; Pearce, 1966); and the
hymenosomatid, Halicarcinus australis (Lucas and Hodgkin, 1970).
Low temperature inhibition of molting has been experimentally
demonstrated for the ocypodids, Uca puqnax, U. pugilator, U. rapax,
and Ocypode macrocera (Passano, 1960b; Miller and Vernberg, 1968;
Rao, 1966); the grapsid, Sesarma reticulaturn (Passano and Jyssum,
1963); the portunid, Carcinus maenas (Buckmann and Adelung, 1964);
and the xanthid, Menippe mercenaria (Cheung, 1969).

The A T experi

ments in which Neopanope juveniles molted in response to a tempera
ture increase from winter to summer levels, while still exposed
no winter salinity and photoperiod conditions, indicate that low
temperature prevention of proecdysis is the major factor responsible
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for the winter anecdysis.

Further, a return to winter ambient

conditions completely arrested basal and proecdysial limb regenera
tion artificially initiated by A T.

Eyestalk ablation and multiple

pereiopod autotomy, techniques used to induce precocious molting
in other species under unfavorable conditions, did not initiate
proecdysis at mid-winter temperatures ( < 10 C).

Low temperature

blockage of basal limb growth in eyestalkless crabs has also been
demonstrated by Passano.(1960b), Passano and Jyssum (1963); Rao
(1966), and Miller and Vernberg (1968).

Direct thermal regulation

of the molt cycle could, therefore, explain the observed seasonal
cycle of summer molting and winter anecdysis in the Neopanope
population of the York River.
Photoperiod has a strong influence on the annual molt cycle
of the macruran, Orconectes virilis, because a long experimental
photophase (20 hours) is necessary for molting to occur in the
fall, but a short photophase (3 hours) is sufficient in the spring
(Aiken, 1969a).

In Neopanope, the annual photoperiod and molting

cycles were out of phase with one another.

Molting began in early

May when the photophase was almost 14 hours, and stopped in late
October when the photophase was about 11 hours.
photophase for ecdysis is unlikely.

Thus, a critical

Also, crabs in which proecdysis

was initiated by A T were able to molt regardless of whether they
were exposed to continuous darkness, continuous light, or ambient
photoperiod (12-13 hours).

The interval from A T to ecdysis was

significantly longer in the total darkness group, but there were
no significant differences between all groups in the duration of
the first complete molt cycle.

The slightly longer molt interval

in the complete darkness group might have been caused by the
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elimination of visual feeding cues.

Buckmann and fldelung (1964)

found that photoperiod has no effect on the intermolt duration of
juvenile Carcinus maenas.

Bliss (1956, 1960) and Bliss and Boyer

(1964) reported that constant darkness promotes and constant light
inhibits the initiation of proecdysis in Gecarcinus lateralis.
Rao (1966) obtained similar results with Ocypode macrocera, but
constant light was inhibitory when crabs were exposed to a black
background and not inhibitory on a white background.

These effects

of light conditions are adaptive in that they prohibit ecdysis
unless the crab is within the proper microhabitat for molting,
e.g., a burrow (Bliss and Boyer, 1964).
do with the seasonality of growth.

They may have nothing to

Neither light conditions nor

background color block or substantially inhibit ecdysis in Neopanope.
In summary, there is no evidence that annual changes in photoperiod
have any influence on the seasonal growth cycle of Neopanope.
The environmental regulation of the seasonal reproductive
cycle of Neopanope seems to be more complicated than the control
of the molting cycle.

If ambient winter temperature is low enough

to prevent basal limb growth and general proecdysial growth, it
is unlikely that reproductive growth could proceed even if other
environmental factors were favorable.

Thus, the ultimate limitation

on the spawning season probably lies in the blockage of vitellogenesis by this abiotic factor.

Somatic growth, copulation, and

vitellogenesis begin at about the same time in the spring.

This

general initiation of activity may be stimulated by higher tempera
tures, but the cessation of copulation and spawning in early
September can not be a consequence of the thermal inhibition of
reproductive growth because the temperature at that time is above
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25 C.

The cessation may not be a direct response to an environ

mental stimulus: females might spawn a fixed number of times each
summer.

However, because all females stop spawning at about the

same time, this fixed number would have to be adjusted for crabs
which reach maturity during the spawning season.

More likely,

the female reproductive system is responding to changes in an
environmental factor when spawning stops.
mediated through the neuroendocrine system.

This response is probably
A gonad-inhibiting

hormone is produced in the brachyuran eyestalk (Adiyodi and Adiyodi,
1970), and the response of mature females to eyestalk ablation
varies seasonally (Weitzman, 1964; Cheung, 1969).

During the

spawning season, ablation leads to precocious vitellogenesis and
spawning, but during the molting season, precocious ecdysis will
follow.

Thus, seasonal changes in neuroendocrine sites within

a photoreceptor can be correlated with seasonal changes in growth
and reproductive cycles.

This indicates that photoperiod may be

the critical environmental stimulus associated with these biotic
cycles.

It has already been noted that no correlation exists

between ambient temperature or salinity and the seasonal reproductive
cycle of Neopanope, but this is not true for the annual photoperiod
cycle.

Both copulation and vitellogenesis begin in late March and

April when the photophase is between 12.5 and 13.5 hours, and end
in early September when the photophase is about 13 hours.

In an

experiment not previously reported in this dissertation, five large
mature females (x-carapace width, 13.8 mm) were subjected to A T and
placed in a 20-gal aquarium on 16 February 1970.
responded to A T by molting.

All females

In other experiments, females collected

in mid-winter and maintained at ambient temperature, which together
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with photophase increased gradually during the spring, later spawned
before molting in May.

Thus, temperature elevation alone is not

sufficient to induce spawning.

The rate of temperature increase

could be important in the spring, but these observations suggest
that the critical environmental cue at the beginning and end of
the spawning season is the magnitude and temporal direction of
change of the photoperiod.

Aiken (1959b) reported that complete

ovarian maturation in the macruran, Orconectes virilis, must be
preceded by several months of low temperature and reduced photophase,
followed by increases in both parameters.

Correlations between

annual reproductive and photoperiod cycles have also been noted
for brachyurans by Knudsen (1964a), Cheung (1969), and Lucas
and Hodgkin (1970).
A puzzling aspect of the annual growth and reproductive cycles
of Neopanope is that most small mature females molt at the end of
the winter anecdysis, while larger females usually spawn one or
more times before molting.

This was also observed by Griffin (1969)

for the grapsid, Cyclograpsus granulosus, and by Bourdon (1962) for
several xanthids. Bourdon (1962) attributed the size difference
in the proportion of females which spawn at the beginning of the
reproductive season to differences between year classes.
also be true for Neopanope.

This may

The small females which do not spawn

(x size, 9.2 mm) may be the largest members of the previous year
class.

They reached maturity in the fall, after the spawning

season was finished, and had never spawned previously.
two-year-old females had spawned the previous year.
does not explain why the small females do not spawn.

The larger

This distinction
A possible
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explanation lies in the relationships between seasonal fecundity
and molting frequency in mature females.

This is discussed below

(p.192).
There was no correlation between the lunar phase and any event
in the molting or ovulation cycles of Neopanope.

Cheung (1969)

also found no lunar periodicity in the growth and reproduction of
females of another xanthid, Menippe mercenaria, in the laboratory.
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REPRODUCTIVE BIOLOGY
Mating Behavior
There are two basic patterns of brachyuran mating:

prolonged

preliminary pairing prior to female ecdysis, after which copulation
occurs between a soft female and a hard male; and rapid pairing
and copulation while both partners are hard (Hartnoll, 1969).

Copu

lation between hard crabs has been reported for the xanthids,
Paraxanthias taylori, Lophopanopeus bellus bellus, L. b. diegensis
(Knudsen, 1960b, 1964a); Pilumnus hirtellus, Xantho incisus (Bourdon,
1962); and I have witnessed it for Neopanope, Eurypanopeus depressus,
and Panopeus herbstii.

However, in one xanthid, Menippe mercenaria,

there is preliminary pairing and copulation follows the female’s
molt (Binford, 1913; Savage, 1971).

Both basic types of mating

also occur in the Majidae and Grapsidae, and in at least two
instances have been observed in the same species (Hartnoll, 1969).
If Hartnoll is correct in his belief that soft-female mating is more
primitive and if current taxonomic groupings at the familial level
are phylogenetically valid, there has been a polyphyletic origin of
the hard-female mating pattern.

Apparently, sexual behavior in

the Brachyura is quite plastic in terms of adaptive modification.
It would be interesting to trace evolutionary trends within
each family between the two major mating patterns, but current
knowledge of comparative brachyuran ethology is not adequate for
such a task.

Prior to this report there were only three brief
177
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descriptions of precopulatory behavior in xanthids.

Binford (1913)

and later Savage (1971) noted that male Menippe mercenaria guard
the burrows of premolt females.

After the female molted, "the most

significant point with regard to this behavior [copulation] was the
apparent care with which the male acted in order to inflict no
injury upon the soft, delicate shell of the female" (Binford, 1913).
Knudsen (1960b) witnessed an entire sequence of precopulatory be
havior in Paraxanthias taylori, a species in which both sexes are
hard during mating :
"A male Paraxanthias taylori approached a female of this
species.

The female raised her chelae, which were grasped by the

male’s chelae, and was lifted above the substratum.

Without breaking

stride the male pushed the female over backwards and proceeded to
straddle her body.

The male then lowered his abdomen, catching

the female’s abdomen with it as he did so.

By extending his abdomen

under hers, he forced the female to open her abdomen away from her
body and thus expose the vulvae.

The intromittent organs were

lowered automatically with the male’s abdomen and were quickly
inserted into the vulvae".
Clearly the copulatory patterns of these three xanthids are
quite dissimilar.

The aggressiveness of the male Neopanope and

Paraxanthias in the motions immediately preceding insertion is
not found in Menippe. If the male were aggressive, he might severely
damage or kill his mate (Binford, 1913).

Nothing is known about

the social behavior of Menippe during pair formation when both
partners are hard and when aggressive acts similar to those of the
other species might be present.

Several major differences between

the sexual behavior of Neopanope and Paraxanthias are evident.
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When approached by a male, a receptive female Neopanope holds her
chelipeds in the submissive rest position and is usually grabbed
by the walking legs, whereas the female Paraxanthias extends her
chelipeds which are then grabbed by the male.

Paraxanthias pairs

do not engage in the precopulatory "dance" of periodic movements
seen in Neopanope.

The abdomen of a Neopanope female is never

forced back by the maleTs abdomen as in Paraxanthias, but it begins
flapping as part of the periodic movements before the male’s
abdomen is extended.

Gonopod insertion in Neopanope is achieved

after a long series of complicated motor matterns in which both
partners participate, whereas insertion in Paraxanthias follows a
few rapid movements by the male.

These differences are most ap

parent immediately after the Grab when behavior continues to resemble
aggressive interactions in Paraxanthias , but becomes highly ritualized
and seemingly less aggressive in Neopanope.

As in Neopanope and Paraxanthias, initial sexual encounters
are indistinguishable from aggressive behavior in many brachyurans
(Tweedie, 1950; Bovbjerg, 1960; Schone and Schone 1963; Teytaud,
1971).

It has been hypothesized that ritualized courtship displays

evolved from agonistic elements in order to eliminate the ambiguity
inherent in the originally bi-functional behavior patterns (Schone,
1968; Wright, 1968a).

In the most primitive pattern of copulation

between hard partners, there may have been no difference between
premating and agonistic behavior.

Copulatory or gonopod insertion

behavior may have been released solely by the passiveness of the
female.

The sexual behavior of Paraxanthias, as described by

Knudsen (1960a), may illustrate this evolutionary stage.

Selec

tion from two sources would favor unambiguous sign stimuli.

First,
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passiveness alone is not an unequivocal indication of sexual recep
tivity.

Second, and perhaps more significantly, passiveness is

not species-specific and therefore could not be responsible for
species discrimination.

Thus, there would be strong selective

pressure for the origin or improvement of secondary, premating
isolating mechanisms, especially those provided by ethological
displays such as the ritualized, post-Grab periodic movements of
Neopanope (Mayr, 1963).

This hypothesis is supported by the ap

parent absence of mate or sexual discrimination by Neopanope until
immediately after the Grab.

Slight differences between Eurypanopeus

and Neopanope in the temporal frequency of the periodic movements
might function in species discrimination as do minor variations in
the frequency of cheliped waving by closely related fiddler crabs
(Salmon and Atsaides, 1968a).

The Behavior of Aquatic and Semi-terrestrial Brachyurans
Many of the distinctions which have been proposed between the
behavior of aquatic and of semi-terrestrial crabs suffer from a lack
of experimental verification (Table 30).

For example, most comments

on chemical displays in aquatic crabs are speculative.

However,

Ryan (1966) and Christofferson (1971) have demonstrated that pre
pubertal molt females of the portunid, Portunus sanguinolentus,
release a pheromone which stimulates precopulatory behavior by the
male.

Teytaud (1971) also presented experimental evidence of a

chemical display in the courtship of another aquatic portunid,
Callinectes sapidus , but in that species a male pheromone excites
the female.

Kittredge et al (1971) found that premolt females of

the semi-terrestrial grapsid, Pachygrapsus crassipes, release a
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brachyurans.
Aquatic Crabs

Semi-terrestrial Crabs

References

Social displays are based primar
ily on tactile and chemical cues
and are primitive in form.

Most displays involve visual or
acoustic stimuli and are highly
specialized.

Bliss (1968), Bliss and
Mantel (1968), Hartnoll
(1969), Salmon and Atsaides
(1968b), Schone (1968).

Prolonged pairing prior to mat
ing; female soft during copul
ation.

Brief pairing; both partners
hard during copulation.

Bliss (1968), Hartnoll
(1969), Schone (1968).

Female ventral to male during
copulation.

Female often dorsal to male
during copulation.

Bliss (1968).

Agonistic encounters often
involve cheliped strikes and
result in wild fights.

Agonistic behavior highly
ritualized; injuries uncommon.

Bliss (1968), Bliss and
Mantel (1968), Schone (1968)

Agonistic displays involve
extended chelipeds.

Flexed cheliped displays.

Schone (1968).

Primative Lateral Merus
displays.

Specialized Lateral Merus
displays and Chela Forward
displays.

Wright (1968a).
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pheromone, possibly a molting hormone, which elicits precopulatory
behavior by conspecific males and also males of the cancrid,
Cancer antennarius.

For Neopanope, preliminary observations

suggest that chemical displays are not involved in sexual behavior.
The possibility that an airborne pheromone is involved in the be
havior of semi-terrestrial species has not been investigated
(Hartnoll, 1969).

It therefore seems unreasonable to conclude

that aquatic crabs rely upon chemical cues, while terrestrial
species do not.

A less objectionable hypothesis, but one which

still requires verification, is that chemical displays are involved
in the soft-female mating pattern, regardless of whether the species
is considered aquatic or semi-terrestrial; and that such displays
are not present in hard-female copulation, regardless of whether it
occurs on land or in water.

A number of aquatic crabs, including

several xanthids in the subfamily Menippinae, produce sounds, but
their sonic behavior has received relatively little attention
(Guinot-Dumortier and Dumortier, 1960; Garth, 1968; Powell and
Gunter, 1968).

Visual cues are of great importance in the behavior

of aquatic crabs.

In Neopanope, most agonistic encounters are

decided by visual determination of relative size or level of ag
gression as indicated by the Lateral Merus display.

Teytaud (1971)

also found significant visual displays in an aquatic species,
Callinectes sapidus. Wild fights in Neopanope are rare, and in
juries occur only if one crab is soft.

The precopulatory dance of

Neopanope is an example of ritualized behavior that approaches the
level of ’’complexity” seen in certain semi-terrestrial forms.
Conversely, the behavior of some semi-terrestrial crabs is just as
primitive as that of many aquatic species.

For example, the
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grapsid, Helice crassa and the ocypodid, Hemiplax hirtipes,
copulate on land.

Without chela waving or any "preliminary

overtures", the male of both species grabs the female and forcibly
adjusts her body to the copulatory position (Beer, 1959).
The attempt to construct a dichotomy between the behavior of
aquatic and semi-terrestrial brachyurans is premature and probably
not valid.

I believe attention should be focused on the behavioral

significance of specific environmental and biological factors.
For example, Wright (1968b) stated that some of the proposed
differences between terrestrial and aquatic crab behavior may not
represent adaptations to a terrestrial environment, but rather may
have evolved due to the selective pressures of crowding and con
sequent heavy intra-specific competition.

He believed that most

aquatic crabs live in low-density populations and that their
competition was primarily inter-specific, but he noted that this
conclusion was based on casual observations, "not good quantitative
data".

Neopanope is found at extremely high population densities.

Several hundred mature specimens can be collected from a piling
in shallow water (~ 2 m).

If the relative complexity of any aspect

of the behavior of Neopanope can be explained as an adaptation to
high population densities, it seems reasonable that many of the
differences suggested in Table 30 might also represent adaptations
other than those associated with the evolutionary emergence of
brachyurans from water.
Copulation
The gelatinous balls found after copulation in the spermathecae
of Neopanope are homologous with a portion of the "sperm plugs"
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found in the seminal receptacles of portunid and cancrid females.
This is clear from Ryan's (1967a, b) excellent description of the
passage, during copulation in Portunus sanguinolentus, of gelatinous
material from the posterior vas deferens to the spermatheca where
it forms the ventral, translucent layer of the sperm plug.

The

sperm plug of Portunus has an opaque, middle layer, composed of
secretions of the median vas deferens, and a dorsal cap of spermatophores.

In Neopanope the middle layer does not seem to be present

and the delicate spermatophores always burst during or immediately
after copulation, resulting in a ventral sperm clump.

In both

species the gelatinous material becomes semi-solid sometime after
its deposition and disappears before spawning.
Sperm plugs have been described only for species in which the
the females mate while soft and possess vaginas of the simple type
(Hartnoll, 1968

1969).

Although Hartnoll (1969) did not give any

examples, he suggested that this structure is present in species,
such as Neopanope, in which the females mate while hard and have
concave vaginas.

In such crabs he believed the plug is less con

spicuous, does not normally extend into the vagina, and may not
have to disintegrate prior to ovulation.

The sperm plug of

Neopanope, however, does disintegrate before spawning, it often
extends through the vagina, and is externally visible.
The function of the sperm plug is unknown.

Both Ryan (1967b)

and I have seen females which had more than one sperm plug in each
spermatheca, so its presence does not preclude a second copulation
in some species.

However, Edwards (1966) suggested the sperm plug

of Cancer pagurus prevents the reinsertion of the gonopods. The
early hypothesis that the gelatinous material is a source of
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nourishment for the spermatozoa has been rejected because the sperm
cells remain viable in some species for as long as a year after
the plug disappears (Ryan, 1967b).

One of the possibilities

suggested by Hartnoll (1969) is that the sperm plug may be vestigial
and nonfunctional.

I doubt that this is true, simply because Ryan

(1967a) noted that the male Portunus spends at least the first hour
of copulation pumping the gelatinous material into the female.

If

the plug is useless, this wasted effort and time are particularly
significant, since females which mate just once in their life cycle
might not be inseminated if their copulation were interrupted during
the first hour.

Spalding (1942), Ryan (1967b), and Hartnoll (1969)

suggested that the function of the sperm plug is to hold the spermat
ozoa or spermatophores in place.

This is especially important im

mediately after copulation in Neopanope, when the individual spermat
ozoa are clumping together in the wax-like mass.

The spherical

shape of the gelatinous material causes the sperm clump to form at
the lining of the spermatheca.

The extension of the plug into the

vagina insures that a passage for the ova is present after clumping
is complete.

The effects of gravity may prevent clumping at the

dorsal surface of the spermatheca.

Thus, when the gelatinous

material disappears, a funnel-shaped sperm clump remains.

During

ovulation the eggs must pass through and come into physical contact
with this sperm funnel.
Trans-Molt and Trans-Spawn Retention of Spermatozoa
The successful spawning of two consecutive egg masses during
a single intermolt period in the absence of males is an unequivocal
demonstration of trans-spawn retention of spermatozoa and has been
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reported here for Neopanope and elsewhere for a variety of brachy
urans in the families Portunidae (Churchill, 1919; Broekhuysen,
1936; Hard, 1942; Ong, 1966; Ryan, 1967b), Humenosomatidae
(Broekhuysen, 1955; Lucas and Hodgkin, 1970), Majidae (Watson,
1970), Grapsidae (Broekhuysen, 1941), and Xanthidae (Binford, 1913;
Knudsen, 1960b; Bourdon, 1962; Cheung, 1968).
When mature Neopanope females molt, their supply of spermatozoa
is always left in the exuvium within the chitinous lining of the
spermathecae.

However, trans-molt retention of spermatozoa has been

reported for other brachyurans, including the xanthid, Menippe
mercenaria (Binford, 1913; Cheung, 1968).

The mechanism of retention

is uncertain, but Cheung (1968) demonstrated the presence of part
of the old exoskeletal wall of the spermatheca in a female several
days after ecdysis.

Binford (1913) suggested that just before

ecdysis the glandular portion of the spermatheca of Menippe secretes
"a mass of gelatinous material” in which the spermatophores are
carried during molting.

It seems possible that he was referring to

the sperm plug, which presumably is deposited in the spermatheca
during copulation immediately after ecdysis.
Frequency of Copulation
In Neopanope and probably all brachyurans, males seem to
copulate as often as possible during the mating season.

The only

limitations stem from the molt cycle (males mate only when hard,
Hartnoll, 1969); and the duration from the previous copulation
(the internal reproductive system requires several days to "recover",
Ryan, 1967a).
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Female Neopanope usually mate at least once and sometimes
more often between successive spawnings.

They do not seem to copu

late after spawning their last egg mass of a given molt cycle nor
during molt cycles in which they fail to spawn.

Females in species

such as Menippe which mate while soft probably do so only once in
each molt cycle, because the male typically guards or carries his
partner while her exoskeleton hardens.

However, under laboratory

conditions soft female portunids sometimes mate more than once
(Van Engel, 1958; Ryan, 1967b).

Female Callinectes sapidus copulate

just once in their life cycle (Van Engel, 1958).

They mate im

mediately after their maturation molt and then enter a permanent
anecdysis.

Copulation by Ovigerous Females
Neopanope females are able to copulate while ovigerous.
Although such copulations were witnessed only a few times in the
laboratory, the high incidence of ovigerous crabs with swollen
seminal receptacles suggests that females usually copulate before
their eggs hatch.

Mating of ovigerous females has been reported in

four other brachyurans:

three majids (Puqettia producta, Knudsen,

1964b; Libinia emarginata, Hinsch, 1968; Pleistacantha moseleyi,
Berry and Hartnoll, 1970), and the leucosdid (Philyra scabriuscula,
Naidu, 1954).

Also, Bourdon (1962) found hard males and ovigerous

females of the xanthid, Xantho pilipes, coupled, but not in copulo.
Thus, copulation with ovigerous females is common, and one can no
longer assume, as did Broekhuysen (1941) for Cyclograpsus punctatus,
that the presence of eggs on the abdomen makes copulation impossible.
The advantage of being able to copulate while ovigerous is that the
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period between the hatching of one sponge and the spawning of the
next may be quite short.

Thus, the probability that a female will

find a mate is greatly increased if she can copulate while ovigerous
(Berry and Hartnoll, 1970).

In Neopanope the duration between

hatching and spawning is about three days, and females normally
copulate between spawnings, even though trans-spawn retention of
spermatozoa usually occurs.
Size Discrimination in Copulation
Knudsen (1960a) noted that the gonopods of the four xanthids
he studies, were capable of movement in the anterior-posterior
direction only.

He concluded that copulation could occur only

between crabs of approximately equal size.

Because of the gonopod

movements possible in Neopanope, one might arrive at the same con
clusion, but successful copulations were witnessed between large
males ( > 2 0 mm) and small females ( < 10 mm).
with females larger than themselves.

Males never copulated

Even in those instances in

which the carapace width of the female was slightly larger than
that of the male, sexual dimorphism of the pereiopods resulted in
the total size of the male being greater.

This size discrimination

in copulation is probably attributable to the agonistic character
of pre-Grab behavior and reflects the influence of relative size
on dominant-subordinate relationships during normal agonistic
interactions.
Spawning
Females of Neopanope and many other species which mate while
both sexes are hard, can spawn within hours or a few days of
copulation:

Xanthidae (Bourdon, 1962); Grapsidae (Warner, 1967);
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Majidae (Hinsch, 1968); Corystidae (Hartnoll, 1968b).

In brachyu

rans which copulate after female ecdysis, spawning usually does not
occur for at least several weeks, when the female reaches the C 3
or C 4 stage of the molt cycle:

Xanthidae (Cheung, 1969); Portunidae

(Broekhuysen, 1936; Van Engel, 1958; Ong, 1966; Ryan 1967c);
Cancridae (Edwards, 1966); Grapsidae (Broekhuysen, 1941; Hiatt,
1948); Hymenosomatidae (Broekhuysen, 1955).

However, some majids

spawn immediately after the female's pubertal molt (Hartnoll, 1963;
Watson, 1970).
Most brachyurans are able to spawn more than once in the same
intermolt period, and, as in Neopanope, the second ovulation usually
occurs within a few days of hatching of the previous egg m ass:
Xanthidae (Binford, 1913), Grapsidae (Watson, 1970); Hymenosomatidae
(Lucas and Hodgkin, 1968), Majidae (Boolootian et. al., 1959;
Hinsch, .1968); Dorippidae (Hartnoll, 1968a).

However, in certain

portunids and hymenosomatids the next spawning takes place several
weeks after the first (Broekhuysen, 1955; Van Engel, 1958; Ryan
1967b).

The number of intermolt spawnings varies both intra- and

interspecifically.

In Neopanope as many as five can occur, but

usually there are only one or two.

In another xanthid, Menippe

mercenaria, the average number of intermolt spawnings is 4.5,
but as many as 13 (a record for the Brachyura) are possible
(Cheung, 1969).

Ecdysis in Neopanope usually occurs within a

week after the last egg mass hatches.

It is generally agreed that

some form of neuroendocrine control prevents ecdysis before the
eggs have hatched (Bliss, 1966).
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Brooding Time
Ambient temperature is the most obvious extrinsic factor
controlling the duration of embryonic development in poikilotherms.
The brooding time of Neopanope at about 27 C is only 9 or 10 days,
which is probably close to the most rapid rate at which a brachyuran
egg can develop into a zoea. Early in the spawning season, when
the temperature is close to 20 C, development requires about 16
days.

Similarly, the brooding time of Carcinus maenas is two or

three times faster at 16 C than at 10 C (Broekhuysen, 1936).
Embryonic development requires a full year in the deep-water majid,
Chionoecetes tanneri, which lives below the thermocline at a
maximum temperature near 6 C (Pereyra, 1966).
Fecundity
The fecundity of brachyurans ranges from 140 eggs in the
majid, Eurynome spinosa, (Hartnoll, 1963) to several million eggs
in certain portunids (Hay, 1905; Ong, 1966).

In the Xanthidae an

average sized ovigerous Neopanope parckardii carries about 800 eggs,
while the fecundity of Menippe mercenaria is usually about 280,000
(McRae, 1950).

Large specimens of M. mercenaria can spawn one

million eggs at a time (Binford, 1913).

However, most xanthids

are small crabs and with the exception of M. mercenaria, the
maximum fecundity is rarely more than 50,000 eggs (McRae, 1950;
Knudsen, 1959b, 1960b; Bourdon, 1962).

Almost all ovigerous Neopanope

females carry fewer than 1 0 , 0 0 0 eggs, and this is typical of the
family.
Bourdon (1962) noted that the concept of fecundity should
include the total number of eggs produced by one female during

a
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single spawning, a spawning season, and a life time.

The latter

two fecundity values are difficult to estimate, especially in a
species like Neopanope which spawns several times each year and
continues to molt after maturity with undiminished relative size
increments.

Further, estimates of seasonal fecundity may be valid

only for the particular population under investigation.

At

Gloucester Point, most Neopanope females attain maturity in late
spring when they are between 6 and 10 mm.

A reasonable assumption

is that a typical female makes her maturation molt around 15 May
and is approximately 8 mm wide after that ecdysis.

Females average

one spawning per molt cycle and the spawning season lasts until midSeptember.

The average intermolt duration of a mature female which

spawns once between ecdyses is about 28 days (Table 16).

Thus,

the 8 mm female will molt four times during the spawning season,
and her size in mid-September would be about 17.2 mm (Equation 8 ,
p.124).

From equation (l)(p. 99) one can predict that she would

spawn about 1400 eggs in the first mature instar (8.0 mm), 2400
in the second (9.7 mm), 4000 in the third (11.7 mm), 6900 in the
fourth (14.2 mm), and, if she spawned at the end of the spawning
season, 11,600 eggs would be produced in the fifth mature instar
(17.2 mm).

Her total fecundity for the season would be 15-30,000

eggs (four-five instars).

Assuming a maximum life span to the

middle of the third summer and the production of 2-3 egg masses
the second spawning season, the lifetime fecundity of a female
would be about 100,000 eggs.

Most females which reach maturity

do not grow larger than 15 mm and produce fewer than 30,000 eggs
before their death.
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If a Neopanope female spawns once during each mature instar,
her fecundity over a long period of time, e.g., a spawning season,
is greater than if she spawns two or more times between molts
(Table 31), even though by spawning once instead of twice between
molts, the percent of the spawning season during which she is actually
brooding eggs is reduced from 49% to 36%.

The explanation lies in

the logarithmic relationship between fecundity and size, and in the
constant relative size increment of post-pubertal molts.

The

reduction in productivity necessitated by frequent molting during
the reproductive season is more than compensated for by the log
arithmic increase in fecundity accompanying growth.

Since selection

would favor any mechanism which could increase total seasonal
fecundity, this may explain why the observed mean number of inter
molt spawnings is close to unity.
Integration between Spawn and Molt Cycles
Reproductive and somatic growth processes tend to be antago
nistic and incompatible, because they must compete for the same
organic reserves (Adiyodi and Adiyodi, 1970; Kinne, 1970).

In

some brachyurans, vitellogenesis does not begin until after a
terminal, pubertal molt (e.g., Callinectes sapidus; Hard, 1942)
and there is no possibility of interference with proecdysis.

The

antagonism between growth and reproduction is minimized in species,
such as Pilumnus hirtellus (Bourdon, 1962), which do not molt during
the spawning season.

However, in crabs like Neopanope which molt

several times during the spawning season, integration of the molt
and spawning cycles is neccessary not only to reduce metabolic
competition, but also to insure that ecdysis will not occur before
hatching.
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Table 31. Estimated total fecundity during the spawning season of
a hypothetical Neopanope female"*", as a function of the
number of intermolt spawnings.
During Total Spawning Season------(15 May - 15 September)
Number of
Spawnings
Between
Molts

Intermolt
Duration

Number of
Molt
Cycles

Number of
Spawnings

Total
Number of
Eggs
Produced

Percent of
Time
Ovigerous

1

28

4.39

4.4

19,410

36

2

41

3.00

6.0

15,756

49

3

54

2.28

6.8

14,744

56

4

66

1 .86

7.4

13,899

60
63

5

79

1.56

7.8

13,872

6

92

1.34

8.0

13,362

65

7

105

1.17

8.2

12,852

67

8

118

1.04

8.3

12,100

68

9

131

0.94

8.5

12,087

69

"*"Maturation molt on 15 May, 8.0 mm postmolt carapace width.
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Vitellogenesis may begin before ecdysis in Neopanope, but the
ovarian eggs of soft crabs are usually small, indicating very little
or no yolk deposition.
soft crabs.

Completely ripe ovaries were never found in

Thus, vitellogenesis is usually initiated near the

beginning of the molt cycle and is completed in about twelve days,
when spawning occurs.
small, white eggs.

After ovulation the ovary always contains

If the female is going to spawn a second time,

yolk deposition is evident several days after the initial spawning.
Vitellogenesis during brooding is undoubtedly characteristic of
all species which spawn shortly after the previous egg mass hatches.
Proecdysis does not occur during the second vitellogenesis, as
evidenced by the growth plateau of cheliped regeneration in crabs
which spawn more than once.

A crab can complete several spawning

cycles during this anecdysis.

Shortly after the last spawning of

a given molt cycle, proecdysis is initiated and vitellogenesis
either does not occur or proceeds at a substantially reduced rate.
Thus, there is a critical period within a week of ecdysis and shortly
after each spawning, during which the metabolic pathways of either
vitellogenesis or proecdysis are initiated.
for this determination are unknown.

The factors responsible

The environmental stimuli

which influence the number of intermolt spawnings have received
little attention.
The relationships between somatic and reproductive growth in
Neopanope are very similar to those described for Carcinus maenas
by Demeusy (1965) and Cheung (1966), and for Paratelphusa
hydrodromous by Adiyodi (1968).

In each species there is a strong

antagonism between the latter stages of vitellogenesis and proecdysis.
However, soft Carcinus and Paratelphusa females with ripe gonads
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are occasionally found, which suggests that molting and spawning
cycles are under separate control.

Also in Carcinus, eyestalk

ablation at certain times in the molt cycle permits both proecdysis
and the completion of vitellogenesis to occur simultaneously,
indicating a common location for the control mechanism.

In their

thorough review of the endocrinology of reproduction in decapod
crustaceans, Adiyodi and Adiyodi (1970) emphasized that two very
important hormones, Gonad Inhibiting Hormone (GIH) and Molting
Inhibiting Hormone (MIH), are located in the eyestalk.

MIH acts

by preventing the release of Molting Hormone (MH), which is directly
responsible for proecdysial growth.

GIH directly inhibits vitel

logenesis and possibly the release of Gonad Stimulating Hormone
(GSH), which activates gonadal growth.

During proecdysis the

relative levels of MH and GIH in the blood are high, while those
of MIH and GSH are low.

During the spawning aneceysis, the MIH

level is high, MH low, and the levels of GIH and GSH fluctuate
during each vitellogenesis cycle.

The observed temporal coordina

tion between reproductive and somatic growth cycles in Neopanope
is consistent with this endocrine model.

Final vitellogenesis and

proecdysial regeneration never occur synchronously because of the
antagonism between the hormonal systems controlling each process.
After each spawning, the release of either GIH or MIH determines
which metabolic processes will be activated.

MIH and GIH may act

synergistically during sclerotization to prevent both reproductive
and proecdysial growth.

An additional hormone, Female Hormone,

may be integrated with the endocrine control of vitellogenesis in
order to release sexual behavior at the appropriate time.

Whereas

this endocrine model car: explain the temporal coordination of
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events, it does not identify the trigger mechanisms which are
ultimately responsible for the activation of the system-

For

example, we do not know why the MIH blood concentration remains
high after the second ovulation of one female, but decreases at
the same time in the molt-spawn cycle of another female.

This is

a restatement in endocrinological terms of the problem noted at
the end of the previous paragraph.
Sexual Dimorphism and Relative Growth
There are no sexual differences in the relative growth of the
carapace of Neopanope.

Powell and Gunter (1968) found no sexual

differences in the relationship between carapace width and length
in the xanthid, Menippe mercenaria.

They reported this regression

as isometric, but in Neopanope it is allometric, i.e., even though
the arithmetic plot is linear, the ratio between width and length
changes during growth.

There is also an arithmetically linear,

isometric and sexually identical relationship between carapace
width and the distance from the fifth anterolateral spine to the
frontal notch of Neopanope.
sexually dimorphic.

In some species the carapace is

For example, the carapace of female Hemigrapsus

nudus and H. oregonensis is relatively broader than that of the
male (Olmstead and Baumberger, 1923).
Allometry in the growth of the carapace of Neopanope is seen
best in the decrease in the relative interorbital width as carapace
width increases.

The reduction in relative interorbital width

accompanies a decrease in the relative size of the eyestalks.
This change has been described for several species, including a
number of xanthids, and probably occurs in all brachyurans (Hiatt,
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1948; Knudsen, 1960a; Manning, 1961; Gifford, 1962; Barnes, 1968;
Powell and Gunter, 1968).

Manning (1961) reported that the relative

interorbital width was the most prominent difference between
juvenile and adult Menippe mercenaria. However, in Neopanope the
reduction in the relative distance between the orbits is not related
to puberty, e.g., the interorbital/carapace width ratio of a 1 2 . 6 mm
immature female was 65%, and for a 5.8 mm mature specimen, 78%.
Powell and Gunter (1968) suggested that the relative frontal width
might serve as an age index for Menippe.

This would be possible

if crabs of the same carapace width, but different age, had different
interorbital or frontal widths.In Neopanope
variation in these measurements

there is little

from crabs of the same carapace

width, and there is no evidence that the variation that exists is
due to differences in age.

Knudsen (1960a) believed that the

relatively larger eye of small xanthids is a consequence of their
greater dependence on vision.

However, adults have unique visual

requirements, e.g., during sexual displays, and there is little
evidence to suggest that the threat of predation decreases with
size to the point that visual requirements are reduced.

Alterna

tively, physical and spatial limitations on the sensory capability
of the compound eye as its size is reduced, may explain the rela
tively larger eyes of small crabs.
eye may be relatively bigger so

Thus, the megalopal and juvenile

that the crab can see as well as,

not better than larger animals.
In both sexes of Neopanope the allometric growth of the sixth
abdominal segment relative to carapace width is nonlinear in juve
niles and arithmetically linear in adults.

The allometry is

slightly positive in females, i.e., the growth of the abdomen is
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slightly faster than that of the carapace, and slightly negative
in males.

Huxley (1925) reported positive allometric growth of the

female abdomen in Carcinus maenas which continued after maturity
was reached, but the growth of the abdomen of mature males was
isometric.

Positive allometry in the growth of the female abdomen

is adaptive, since fecundity is exponentially related to carapace
width.

The relatively slow growth rate of the male abdomen may

contribute to the ability of male Neopanope to copulate with
females half their size.
The regression of the length of the major chelar propodite on
carapace width is positively allometric in both sexes of Neopanope.
The degree of allometry increases substantially during growth in
males, but only slightly in females.
difference in relative chela size.

This results in a sexual
The allometric relationship

between

propodite length and propodite width is thesame in both

sexes.

Thus, there is a sexual dimorphism of

shape, and this seems to
claws.

be true for both the

Hiatt (1948) and Knudsen (1960b) also

size,but not of
majorand minor
reported a sexual

difference in the size, but not the shape of brachyuran chelae.
However, in many crabs there is a great difference between the
sexes in both the size and shape of the claws.

Such claws often

function as releases in highly ritualized social displays.

In

Neopanope, however, neither chela type is essential to sexual or
agonistic behavior.

It is interesting, therefore, that in

Neopanope the major claw is regenerated as a minor chela, while in
Uca the major claw is a key social releaser and is regenerated in
its original morphology (Morgan, 1923; Vernberg and Costlow, 1966).
While the chelae of Neopanope do not function as a vital sign
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stimulus, they are very important in the establishment of dominantsubordinant relationships during both agonistic and sexual encounters.
As Herreid (1967) suggested for Cardisoma, the larger claws of
males may give them a slight advantage over otherwise equally large
females.

Because of the agonistic component in the reproductive

behavior of Neopanope, the larger claws of males increase the size
range of females with which they are able to copulate.

The larger

pereiopods of the male may also facilitate the handling of the
female during pre-copulatory behavior.
The adaptive significance of the inter-and intraspecific
differences in the morphology of the major and minor chelae of sympatric xanthids is an interesting problem.

My results indicate that

the structural differences in the major and minor chelae of
Neopanope are not associated with different social displays.

The

possible correlation between chela morphology and feeding behavior
should be examined.

Sexual Maturity
In Neopanope, the juvenile female characteristics usually
make a complete transition into the adult form at the ecdysis
preceding the first instar in which copulation and spawning are
possible.

A single and well-defined maturation molt is characteristic

of most brachyuran females (Churchill, 1919; Hartnoll, 1963, 1968b;
Ong, 1966; Ryan, 1967c; Lucas and Hodgkin, 1970; Watson, 1970).
However, female Neopanope with intermediate maturity characteristics
were occasionally collected from the field, indicating that the
juvenile-adult transition may require two or more molts in some
instances.

Knudsen (1960b) also recognized a transitional
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"submature” group of females in the xanthid, Cycloxanthops
novemdentatus.

Large immature Neopanope females and specimens

with intermediate characteristics were most common during the fall.
It is generally believed that the development of sexual character
istics in brachyurans is under hormonal control (Adiyodi and
Adiyodi, 1970).

The same hormones which control spawning and

molting cycles may also be directly or indirectly involved in
sexual morphogenesis.

It is possible that the seasonal hormonal

inhibition of reproductive activities in the fall may also delay
maturation and, in some instances, result in an incomplete
metamorphosis.

This could explain the large overlap in the size

of mature and immature females seen in Neopanope and other crabs
(Broekhuysen, 1955; Ryan, 1956; Knudsen, 1960b).

Ong (1966) reared

Scylla serrata from zoeae and showed that sexual maturity is not
reached at the same instar or age by all females.

Differences in

the size at which individuals reach maturity may, therefore, not
be attributable only to differences in the average size increment
at ecdysis over a set number of instars, but can also be a conse
quence of a different number of juvenile instars.

Thus, under

unfavorable hormonal regimes, maturation might be delayed while
molting continued.
The criteria of sexual maturity used here for Neopanope are
basically the same as those employed by Knudsen (1960b) in his
study of the reproductive biology of several xanthids from California.
In addition, he described changes at maturity in the relative widths
of the different abdominal segments.

Such differences between

juveniles and adults occur in Neopanope, but they are relatively
minor and require very careful measurements to be recognized.
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Knudsen (1960b) did not document the change seen at the maturation
molt of Neopanope, from a round to an oval vulva.

The shape of

the vulva is valuable as a decisive criterion, if the abdominal
characteristics are intermediate.

The disappearance of the lock

mechanism, increased width of the abdomen due to either marginal
setae or broader segments, and appearance of long setae on the
pleopods have been used as characteristics of maturity in a wide
variety of brachyuran females, including members of the families
Corystidae (Hartnoll, 1968b); Xanthidae (Knudsen, 1960b);
Portunidae (Churchill, 1919; Ong, 1966; Ryan, 1967c); Hymenosomatidae
(Lucas and Hodgkin, 1970); Ocypodidae (Haley, 1969); Majidae
(Hartnoll, 1963; Watson, 1970) and Grapsidae (Hiatt, 1948).

These

changes in the abdomen permit the attachment and incubation of the
eggs.
McRae (1950) noted the smallest ovigerous Neopanope texana
texana which he collected was 5 mm (to the nearest mm) wide.

Ryan

(1956) collected a 6.1 mm N. t. sayi which possessed setae on the
pleopod endopodites.

The smallest mature Neopanope I found was

5.8 mm, and the largest immature specimen was 12.6 mm.
extremes are not very important.

These

Most females < 8 mm were im

mature, and most > 1 0 mm were mature.
I was unable to develop an objective criterion of maturity
for males.

In some species there are obvious qualitative changes

at the pubertal molt.

In mature male Halicarcinus australis sacs

(pulvini) are present on the dactyl of the cheliped (Lucas and
Hodgkin, 1970).

In Callinectes sapidus the abdomen of an immature

male (and female) is sealed in the sternal groove (Van Engel, 1958).
The chelae of Portunus sanguinolentus have a unique color pattern
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in mature males (Ryan, 1967c).

Unfortunately, there are no char

acteristics such as these for mature male Neopanope.

The presence

of spermatozoa in the vasa deferentia has been used as a criterion
of maturity in a number of species, but Hiatt (1948) and Ryan
(1967c) reported that spermatozoa and spermatophores are present
before males are able to copulate.

Hartnoll (1969) suggested the

presence of large numbers of spermatozoa in spermatophores as a
general criterion of maturity.

This is a useful approach, but it

still requires subjective judgement in intermediate cases.

On

the basis of the size of the gonopods, and appearance and contents
of the vasa deferentia, I found that males become mature at about
8

mm.

Because of the rarity of small mature females and the size

discrimination involved in copulatory behavior, it is unlikely
that males < 1 0 mm copulate very often.
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THE MOLT CYCLE
Ecdysis
During the period preceding and following ecdysis, crabs are
particularly vulnerable to predation and other dangers.

Consequent

ly, Neopanope and most other brachyurans seek a secluded spot for
molting (Hiatt, 1948; Passano, 1960a).

A few species have evolved

quite elaborate behavioral adaptations to minimize the dangers
associated with ecdysis.

The xanthid, Cycloxanthops novemdentatus,

migrates to shallow water during proecdysis, builds and enters a
small grotto under rocks, plugs the entrance with seaweed, and
molts (Knudsen, 1957).

The grapsid, Grapsus qrapsus tenuicrustatus,

climbs out of water onto a rock at night, grips the rock with the
walking legs, molts, and leaves the exuvium attached to the rock
(Knudsen, 1968).

Bliss and Boyer (1964) have shown that the

physical characteristics of the burrow in which the

gecarcinid,

Gecarcinus lateralis, molts (e.g. darkness, moderate temperature,
privacy, high humidity), promote proecdysial growth.

Conditions

different from these (constant light, high temperature, etc.)
reduce the chance of survival during molting and will block or
abate proecdysial growth.
The active and passive phases of ecdysis are similar through
out the Brachyura.

General activity is reduced during late pro

ecdysis, but, if disturbed, crabs will try to escape throughout
the passive phase.

With the exception of minor differences in the

203
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order in which various parts of the body become free of the exuvium,
the active phase is essentially the same in all species.

The

differences that do exist are probably attributable to interspecific
variations in body structure.

A unique aspect of molting occurs

during the active phase of Grapsus grapsus tenuicrustatus when the
thoracic wall splits between the second and third pereiopods, thus
facilitating the withdrawal of the pereiopods (Knudsen, 1968).
Knudsen (1957) reported that the valve at the autotomy plane of
the cheliped closes before ecdysis and stops the flow of hemocoelic
fluid into the claw.

This may explain why the chelae of Neopanope

are wrinkled immediately after molting, but they are not nearly as
shriveled as shown by Knudsen (1957) for Cycloxanthops.

Exuvial

autotomy in Neopanope could be necessitated by premature enlarge
ment of the pereiopods or incomplete declerotization of the fracture
lines at the base of the chelipeds (Hiatt, 1948; Knudsen, 1957).
As in Neopanope, the duration of the active phase is quite
short in most brachyurans (usually less than 15 min) and ecdysis
usually occurs at night.

Both factors minimize exposure during

the period of maximum vulnerability.

Differential sclerotization

of the exoskeleton also reduces the danger after ecdysis.

The

chelipeds, anterolateral spines of the carapace and other regions
especially vulnerable to attack harden before the more protected
areas such as the sternum and abdomen.
Size Increment and Intermolt Duration
In Neopanope there is little or no change in the relative
size increment at ecdysis over the entire postlarval size range.
If anything, the relative size increase is slightly greater for
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adults than juveniles.

The data of Churchill (1919), Buckman and

Adelung (1964), Adelung (1964), and Sather (1966) on relative size
increment of several portunids also suggest no substantial change
during growth.

However, in the xanthid, Xantho floridus, and many

other brachyurans, the relative size increment decreases as size
increases (Drach, 1939; Olmstead and Baumberger, 1923; Broekhuysen,
1941, 1955; Hiatt, 1948; Qng, 1966; Poole, 1967; Warner, 1967).
In adult Uca pugilator there is often no size increase at ecdysis
(Guyselman, 1953; Passano, 1953).
As in Neopanope, there is no sexual difference in the size
increment of Hymenosoma orbiculare (Broekhuysen, 1955) and
Podopthalmus vigil (Sather, 1966).

Hiatt (1948), however, reported

that the size increment of mature Pachygrapsus crassipes is
smaller in females than in males.
The largest specimens of Neopanope I collected were a 24.9 mm
male and a 22.7 mm female.

Large specimens ( > 15 mm) were usually

males and crabs > 20 mm were rare.

McDermott (1960) also found a

rarity of specimens > 20 mm and a maximum size of 25 mm for
Neopanope in the Delaware Bay.

The largest specimen collected in

North America was a 27.2 mm male (Rathbun, 1930).

It is interesting

that in the report of the appearance of Neopanope in Great Britain,
Naylor (1960) listed the carapace width of nine males, six of which
were > 25 mm.

The largest (30 mm) of Naylor's specimens is a

size record for the species.

Oakes and Haven (1971) reported the

"length range” of their specimens of Neopanope as 25-40 mm; but
this is an error of measurement (Dexter Haven, personal communica
tion).
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The intermolt duration of the first few postlarval instars
of Neopanope varies between 5 and 10 days.

The interval between

molts increases with size in probably all brachyurans (Passano,
1960a).

Adult Neopanope molt every 10-25 days.

This is an order

of magnitude shorter than the intermolt intervals reported for
adults of many other species, e.g., 180-300 days in Gecarcinus
lateralis (Skinner and Graham, 1970), 1 year in Carcinus maenas
(Broekhuysen, 1936), 1-2 years in Cancer pagurus and C. magister
(Hancock and Edwards, 1967; Poole, 1967).
The spawning anecdysis of mature females adds about 12 days
to the duration of the molt cycle.

Consequently, males will molt

two or three times more often during the spawning season than
females of the same initial size.

This explains why the average

size of mature males is several millimeters larger than females
in Neopanope and several other species (Hiatt, 1948; Knudsen,
1960b; Warner, 1967).

In some brachyurans (not Neopanope) sexual

differences in size increment and the size, age, or instar of
puberty, may contribute to the size difference between mature males
and females.

In the majid, Chionoecetes tanneri, mature males are

so much larger, there is almost no overlap in the size distributions
of mature specimens of the two sexes (Pereyra, 1965, 1966).
The intermolt duration of brachyurans is highly susceptible
to alteration under adverse laboratory conditions.

For example,

the molt cycle of Neopanope is prolonged if large crabs are held
in small containers.

Such sources of error may be minimized by making

laboratory conditions as natural as possible.

Unfortunately, one

can never be certain that the length of the molt cycle of captive
animals is completely normal.

It is therefore desirable to compare

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

207
estimates of the length of the molt cycle obtained by holding
animals in the laboratory through two successive ecdyses, with
estimates which are independent of the possible alterations due
to long periods of captivity.

I found that the range in intermolt

duration of captive crabs increased from 5-10 days in small juveniles
to 10-25 days in large adults.

Estimates which are independent of

prolonged captivity can be made by combining the results of the
size-frequency analysis with those of the size increment investiga
tion.

The first postlarval instar of Neopanope is about 1.2 mm

wide.

From Fig. 29 and equation 8 (p.124), the size increment of

the first instar can be estimated, and the postmolt size calculated
by simple addition.
instar.

This is, of course, the size of the second

If this procedure is repeated using the calculated post

molt width as the new premolt width, eventually the estimated
postmolt width of the n ^ instar will equal the maximum size of
the species.

Such data are particularly useful when presented in

a graph of postmolt width and premolt width (Fig. 37).

By this

technique, 17 postlarval instars are estimated for Neopanope over
the size range 1.2-25.0 mm.

From Fig. 37, the approximate instar

number of a crab of any given carapace width can be determined.
In the size-frequency analysis it was shown that most members of
the 1969 year class reached the first crab instar during August.
By mid-October the modal size interval of the year class was 4.04.9 mm, which corresponds to the 7th or 8 th instar (Fig. 37).
Thus, these crabs passed through 6 or 7 instars during a period
of from 45 to 75 days.

The min-max estimates of the mean intermolt

duration of all instars completed by a crab 4-5 mm wide in midOctober are 6.4-12.5 days.

From the observed intermolt duration
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Fig. 37. The linear relationship in Neopanope between the
carapace width prior to and after ecdysis. The
numbered vertical lines indicate the estimated
carapace width (x-axis) of each instar. The arrows
represent the median size of the 1969 year class
during the first winter and in the middle of the
second summer. The proportion of females which are
mature is also plotted against carapace width.
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data given in Fig. 30, I estimate the intermolt intervals of
instars 1-7 (carapace widths: 1.2, 1.5, 1.9, 2.3, 2.7, 3.2, and
3.8 mm) to be 7, 8 , 8 , 9, 12, 14, and 15 days, respectively.

The

mean duration of the first 6 instars is thus estimated to be 9.7
days, and for the first 7 instars, 10.4.

Both of these estimates

from captive crabs fall within the estimates from the size
frequency study (6.4-12.5 days).
The size-frequency data also show that at the end of the winter
anecdysis (30 April) the modal size of the year class was still
4.0-4.9 mm.

Molting began in early May.

By mid-summer ( ~ 31 July)

the size distributions of males and females were different.

The

median size of females was about 10 mm, and the majority of the
1969 females had reached sexual maturity and commenced spawning
(Fig. 37).

As already noted, the spawning anecdysis accounts for

the slower growth rate of females.

At mid-summer, the median size

of males of the 1969 yearclass was about 12 mm, which corresponds
to the 1 3 ^ instar (Fig. 37).

Thus, during May, June, and July

the males passed through 5 or 6 instars, with a mean intermolt
duration of 15-18 days.

The mean intermolt duration of adult males

held in community tanks was 17.4 days.

Both of these methods of

estimating intermolt duration are subject to several sources of
error.

However, the sources are different for each method, and

because the results are comparable the validity of the data is
strengthened.
Food Requirements
Drach (1939), Hiatt (1948), and Passano (1960a) reported that
feeding is reduced in brachyurans during the molt stages surrounding

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

210
ecdysis (D2 -B2 ) and does not occur at all from

through Ap-

Similarly, in Neopanope juveniles, feeding is reduced during late
proecdysis and while the crabs are completely soft.

However, the

demand for food reaches its peak within one day of ecdysis and
before sclerotization is completed.
The availability of food has a great influence on intermolt
duration, size increment, and survival in Neopanope■

If crabs

are completely starved they will not molt more than once in
captivity and most do not molt at all.

Autotomy may stimulate

proecdysis in specimens exposed to the stress of complete starvation.
Crabs fed infrequently survive longer and may molt more than once,
but the effects of suboptimal quantities of food are cumulative in
time and result in progressively increased intermolt intervals,
diminished size increments, and eventually death.

Only if Neopanope

is fed daily are there no immediate effects on the molt cycle.

The

effects of diet on the molt cycle were not examined here, but the
animals were fed pieces of the clam Mercenaria mercenaria, which is
a natural food source for Neopanope (Landers, 1954).

Roberts (1957)

and Buckmann and Adelung (1964) also reported that starvation
inhibits molting in brachyurans.

Passano (1960b) and Rao (1966)

have shown that proecdysis is not inhibited in eyestalkless
ocypodids by complete starvation, however these crabs may starve to
death if proecdysis is blocked for several weeks by low temperature.
Rao (1966) noted that if eyestalk ablation and autotomy of a walking
leg occur simultaneously in Ocypode macrocera, starved crabs will
not usually regenerate the appendage, but fed crabs will.

For

regeneration to occur in starved crabs, autotomy must precede
ablation by several days.

Apparently, starvation slows the response
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of the crab to autotomy.

The response of mature female Paratelphusa

hydrodromous to starvation is variable (Adiyodi, 1968, 1969).

In

some specimens the initiation of vitellogenesis was inhibited,
and if vitellogenesis was already in progress, starvation resulted
in yolk resorption.
normally.

In other starved crabs, vitellogenesis proceeded

Proecdysis was occasionally initiated by starvation,

and, in some instances, it progressed simultaneously with vitello
genesis, a situation which rarely occurs in mature.

Adiyodi (1968)

believed that a lack of food suppresses the X organ, thereby
eliminating the source of MIH, and inducing molting.
Starvation thus affects not only the molt cycle, but also
the spawning cycle and probably all aspects of the biology of
brachyurans.

Undoubtedly, the feeding schedule and diet are one

of the major factors responsible for abnormal responses of crabs
to laboratory conditions.

Additional research on the food require

ments of brachyurans is justified solely by the necessity of
minimizing the effects of captivity.

In addition, crabs are not

always exposed under natural conditions to a sufficient food
supply, e.g., Paratelphusa during the dry season of the monsoon
cycle (Adiyodi, 1969), or they do not always utilize the food
sources which are available, e.g., the reduced feeding activity of
Neopanope during the winter anecdysis.
Autotomy
It has often been reported that autotomy of pereiopods can
induce molting in brachyurans (Hiatt, 1948; Bliss, 1956; Buckmann
and Adelung, 1964; Rao, 1966; Adelung, 1971).

In Gecarcinus

lateralis the removal of eight walking legs is just as effective
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as eyestalk ablation in causing precocious molting (Graham and
Skinner, 1970; Skinner and Graham, 1970).

In Neopanope, however,

the autotomy of two chelipeds at ecdysis or A T does not significantly
shorten the interval to the next molt.

It is possible that the

removal of additional pereiopods might reduce the intermolt interval
of Neopanope, but Skinner and Graham (1970) observed a great reduc
tion in the time to ecdysis of G ecarcinus subjected solely to dual
cheliped autotomy.

It seems possible that the loss of appendages

does not accelerate the passage through the entire molt cycle,
rather it induces proecdysis when the cycle is arrested (not
terminally) at the

stage.

Thus, Bliss (1956) noted that

autotomy in Gecarcinus may overcome the inhibition of ecdysis due
to unfavorable laboratory conditions.

Similarly, the proportion

of starved Neopanope juveniles which'molt after A T was increased
by autotomy.

In normal juveniles the absence of a growth plateau

in the cheliped regeneration pattern indicates there is not a
temporary anecdysis in C 4 .

Consequently, autotomy can not shorten

the intermolt interval.
If autotomy occurs in Neopanope within several days of the
time proecdysis would normally have begun, molting is delayed and
the physiological events of proecdysis are inhibited.

This delay

of molting seems to differ only in degree from the anecdyses of
winter and spawning, and, thus, can be considered an autotomy
anecdysis.

Delay of ecdysis due to autotomy was mentioned by

Hiatt (1948), but this phenomenon has received little attention
relative to the molt-inducing effect already discussed.

Bliss

(1960) reported that the growth rate of one limb bud of Gecarcinus
can be inhibited, while the growth of another proceeds at a rapid
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rate.

This was also observed in Neopanope and it seems that events

associated with the basal growth of the last pereiopod to be autotomized are responsible for the general inhibition of proecdysis
(and consequent autotomy anecdysis), as well as the specific inhibi
tion of advanced growth in other limb buds. Basal limb growth
differs from proecdysial growth in that it is independent of
general body growth and may be considered a local response to
autotomy.

Proecdysial limb growth, however, is closely coordinated

with other premolt growth processes throughout the body.

This

difference suggests separate control mechanisms (Bliss, 1960).

If

autotomy occurs during proecdysis, basal growth will not be
initiated, and, as just mentioned, basal growth can inhibit advanced
limb growth.

The mechanisms responsible for the two components of

regenerative growth may be mutually antagonistic.

Such an antagonism

would insure that ecdysis would never occur until regeneration was
completed.
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